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Introduction

1.1 Solid-state technology

Solid-state or semiconductor devices are electronic components formed using
semiconductor materials. In 1874, the first semiconductor device (a DC-AC converter) was
invented [1]. Nevertheless, the era of semiconductors did not truly begin until the
development of the point-contact transistor by J. Barden and W. Brattain in 1947, followed
by the creation of the bipolar junction transistor in 1948 by W. Shockley. In 1959, the
invention of the metal-oxide—semiconductor field-effect transistor by M. M. Atalla and D.
Kahng was a major breakthrough in the transistor research field, making it the most
manufactured transistor worldwide. Later on, the integrated circuit (IC) was created by J.
Kilby of Texas Instruments and R. Noyce of Fairchild Semiconductor in 1974. These now
consist of thousands to billions of semiconductor devices (transistor, resistors, capacitors
and diodes) interconnected on one small chip of silicon. From that time on, the development
of electronic appliances exploded, starting from radios, calculators, watches and more
recently laptops and smartphones.

Semiconductors are not just used for computing and memory, but also as power
devices needed in the fabrication of refrigerators, microwaves and LCD (liquid crystal
display) televisions. Recently, they became the backbone of green technology, including
hybrid cars, fuel cells and solar cells. Another important class of semiconductor devices is

the Micro Electro Mechanical Systems (MEMS) that are found in the sensor components.

As semiconductors devices become vital in everyday life, the continuous
development in this field is crucial. The semiconductor industry follows Moore’s law, which
is a prediction that the economically viable number of semiconductor devices per silicon
chip will double every two years [2]. This was achieved mainly by reducing or miniaturizing
the dimensions of the devices from the micrometers scale, called microelectronics, to

nanoscale, called nanoelectronics (devices in the order of 20 nm and smaller).

Nowadays, as the device makers reach the limits of miniaturization, the invention of
new materials, new device geometries, and new circuit architectures is required to achieve
higher performance and reduced cost per device. An example of a new transistor structure is

the tunnel field effect transistor as an energy efficient transistor [3-5] and negative

2



Introduction

capacitance field effect transistor [6, 7]. Nevertheless, the fabrication of such devices require
less familiar materials than silicon, such as SiGe, Ge, 11I-V semiconductors (GaAs, InP,
GaN), and 2D materials (graphene, transition metal dichalcogenides TMD) [8]. New types
of semiconductor geometry have also appeared that consist of vertical stacking (the so-called
3D architecture (Fig. 1.1)). It relies on stacking devices vertically instead of putting small

devices horizontally on the same chip [9].

1990 1995 2000 2005 2010 2015 2020 2025

Scaling enabled by Litho

Patterning Multi-Color ESL
Spacers Self-aligned

Scaling enabled by Materials

High-mobility
Materials

Figure 1.1 Future technologies in the semiconductor industry based on 3D architecture and new

materials (ASM Analyst and Investor Report)

New fabrication processes are also needed for the new generation of semiconductor
manufacturing that potentially could replace the top-down approach used in current

microelectronic fabrication based on lithography.

Photolithography (or optical lithography) is the process most widely used for
microfabrication or nanofabrication. It uses light to reproduce the patterns from a photomask
on a substrate following the steps illustrated in Fig. 1.2. First, a polymer solution called
photoresist is spin coated on a substrate. This photoresist is exposed to UV light through a

photomask. The exposed photoresist! is chemically modified so that it can be soluble in a

Ln this figure the photoresist is "positive", and exposed areas are subsequently removed
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chemical solution (developing step). The resulting patterns created in the photoresist are

used as a mask to prevent etching or deposition of a material on a specific zone of the

Photomask i

Spin coat resist Light exposure Develop resist

substrate.

Thin film

Figure 1.2 Main steps of standard photolithography

The resolution (R) of a projection photolithography process is defined as the smallest
feature that can be printed and it is determined by the well-known Rayleigh equation:
A (1.1)
R=kK —
“INa
Where k; is a constant that depends on the specific resist material, process technology and
image-formation technique used, A is the exposure wavelength of the light source and NA is

the numerical aperture of the lens in the optical system.

Therefore, by increasing A or decreasing NA, better resolution can be reached [10].
Fig. 1.3 shows the evolution of photolithography resolution with time. At first, the
wavelength of the light source was 436 nm or 365 nm, corresponding to the g-line or i-line
of a mercury lamp, respectively. In 1995, deep ultraviolet excimer lasers have been
introduced into the production of semiconductor devices [11, 12]. At that moment, krypton
fluoride (Kr-F) excimer lasers at 248 nm wavelength and argon fluoride excimer lasers (Ar-
F) at 193 nm wavelength become the most common illumination sources for lithography, as
they enabled a decrease of feature sizes from 250 nm down to 70 nm. Subsequently, optical
lithography resolution has been improved by combining Ar-F excimer lasers and liquid
immersion lithography. The latter is based on adding a liquid of a refractive index greater
than 1 between the lens and the wafer in order to increase the numerical aperture up to 1.55
[11].
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Figure 1.3 Increase of photolithography resolution with reducing light source wavelength. DUV
refers to Deep Ultra-Violet immersion lithography at the wavelengths of 248 nm and 193 nm. The
resolution is reduced by adding a liquid (water) between the lens and the wafer (immersion
lithography). [11]

Current research is pushing for a better resolution by developing Extreme Ultra-
Violet (EUV) lithography that couples a laser produced-plasma with a sophisticated optical
system [13, 14]. It enables the production of features of the order of 10 nm in size. However,
EUV lithography systems are extremely expensive (around 100 million USD per machine)
and the mask for exposure is hard to fabricate.

In parallel to the EUV lithography, the fabrication of devices in the order of 10 nm
can be still achievable by UV lithography through the introduction of self-aligned, multiple
patterning method [8]. This approach is used for the fabrication of lines and spacers in
semiconductor devices. In this method thin film material is supposed to be deposited on top
of photoresist but in practice the growth of this material occurs inside the photoresist as it is
a porous layer. This will cause problems in the photoresist removal. Afterwards, the wiring
process to connect the fabricated elements is done by multi-step lithography. It is based on
the deposition of vias directly on top of the fabricated line. Unfortunately, since the
corresponding surface is about 20 nm in size or less, the positioning of the growth of a layer

on top of another layer (layer to layer alignment) becomes more and more complicated. It
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leads to more fabrication issues, such as the edge placement error resulting from an imperfect

alignment of a mask on a target zone (see Fig. 1.4) [15].

Conventional fabrication

Y Ly

:+ | \ Edge placement

' ' error

Figure 1.4 Schematic representation of the edge placement error in conventional patterning
techniques [16]

A promising solution to the problems named above is to develop new bottom-up
approaches as alternatives to the top-down patterning techniques or conventional lithography
techniques, as they can eliminate the step of the deposition of material on photoresist and
reduce edge placement errors. The idea is to design a process that enables the deposition of
a thin film on a specific area of the substrate, with atomic resolution. Such techniques are
called area selective deposition (ASD). They are gaining increasing interest for academic
and industrial researchers and are in rapid development. In fact, some ASD processes have

been already included in nanoelectronics production.

1.2 Area Selective Deposition

1.2.1 Definition

Area-selective deposition (ASD) is an approach that controls where deposition takes
place through the properties of the surface and the nature of surface material rather than
through any masking step. It promotes the deposition on the target “growth” area of a
substrate while preventing deposition on the “non-growth” area. Atomic Layer Deposition
(ALD) and Chemical Vapor Deposition (CVD) are the most widely-used techniques
employed to achieve ASD, depositing metals, semiconductors, and insulators [17, 18]. These
techniques work either by activating the growth area surface, passivating or deactivating the
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non-growth area surface, adding a co-reagent to the precursors, or treating the surfaces prior
to the process in a way to block any deposition or etching [19, 20]. A brief description of

area selective ALD and CVD based approaches, including their development, will be given.

1.2.2 Area Selective Chemical VVapor Deposition (AS-CVD)

The first Area Selective Deposition processes were achieved in 1962 using chemical
vapor deposition?. Work started with the selective epitaxial growth of semiconductors such
as silicon (Si) and gallium arsenide (GaAs) using silicon tetrachloride (SiCls)/hydrogen (H>)
and a GaAs source/ hydrochloric acid (HCI) or arsenic trichloride (AsClz)/H., respectively
[21, 22]. In these cases, chlorine was the factor that promotes the selectivity, as it can reduce
the rate of deposition of Si and gallium (Ga) [23]. Afterwards, selective Plasma Enhanced
Chemical Vapor Deposition (PECVD) of amorphous silicon on Si surfaces was
accomplished by modulating the flow of silane (SiH4) and hydrogen gases in time [24].
Selectivity is attributed to alternating deposition and etching processes that maintain the
growth on Si surfaces, but prevent the growth on SiO surfaces due to the nucleation delay
in the presence of atomic hydrogen. In another study, silicon dots were selectively deposited
on SiOz by forming OH-terminated areas [25]. Thus, the substrate of a given material can be
both the growth and the non-growth surface, depending on the process and techniques
employed, as long as the surface is treated differently.

As for metals, selective tungsten CVD has been demonstrated in two reaction steps
using tungsten fluoride gas mixtures (WFe/H2). In the first step, bare silicon is considered as
a solid reducing agent, as it can lose an electron and dissociate WFe to deposit tungsten (W)
(equation 1.2).

2 WFs (g) + 3 Si(s) — 2 W(s) + 3 SiF4(q) (1.2)

Once the first W layer is formed, any gaseous reducing agent such as Hz or SiHa4 reduces

WFs and assures a steady growth of W (equations 1.3 and 1.4).

2 More details about this technique can be found in chapter 2
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WFe (9) + 3 H2 (9) — W (s) + 6 HF(g) (1.3)

2WFs (g) + 3SiH4 (g) — 2W (s) + 3SiF4 (g) + H2(9) (1.4)

On the other hand, no reduction of the WFs precursor occurs on SiOz, as the Si in SiOz is
fully oxidized, preventing W growth [23, 26]. However, selective tungsten deposition is
limited to about 200 nm layer thickness on Si, as for thicker layers, W starts to grow on SiO>
surfaces as well. Selective tungsten deposition has been also demonstrated using low

pressure CVD and remote plasma CVD [27].

In addition, selective CVD of metallic aluminum on Si/SiO> patterned samples was
achieved using triisobutylaluminum (TIBA). The reaction of the precursors with SiO>
surfaces led to the creation of a monolayer containing C and Al that doesn’t react with

additional precursor molecules [28].

In these examples, AS-CVD could be achieved as a consequence of the dissimilar
interaction of the precursor with different surfaces. On the non-growth surface, the precursor
either does not stick directly, or it reacts and saturates the surface with a relatively stable
layer. This layer blocks the reaction of any additional precursor with which it comes into
contact. On the growth surface, however, deposition dominates all other surface-precursor

interaction events (see Fig. 1.5) [29].

| Adsorption |
Surface Diffusion

Desorption |

R eatiqniy
Figure 1.5 All possible events on growth and non-growth surfaces under the same precursor flux

[29]

Another approach for AS-CVD is the addition of an inhibitor to the process that
passivates one surface and promotes deposition on another. Such is the case for MoCxNy, Fe
and Ru thin films deposited selectively on metal surfaces but not oxide surfaces [30].

Similarly, the selective deposition of cobalt (Co) thin film is obtained on acidic oxides versus
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basic oxides when a flow of NHs is added to the precursors [31]. A recent approach relies
on the introduction of “co-adsorbate” species during the process. For example, 4-octyne
chemical species bind more strongly to copper (Cu) surfaces compared to SiO> surfaces,
blocking the growth of ZrO> film on Cu [32] (Fig. 1.6).

A. H. Simon et al. showed the potential of AS-CVD processes by comparing
selective CVD cobalt capping to industry-standard CuMn alloy seed layers on 22 nm-
groundrule copper interconnects [33]. However, the direct application of AS-CVD in the

microelectronic fabrication is currently quite minor.

Standard CVD Process Modified CVD Process

Bare Substrates Bare Substrates

Introduce Co-adsorbate

Co-reactant

Introduce Precursor,
Co-reactant and Co- adsorbate

Purge Purge

Figure 1.6 AS-CVD approach based on addition of co-adsorbate species (green circles), sticking

on one surface (green) but not another surface (gold) [32]

1.2.3 Area Selective Atomic Layer Deposition (AS-ALD)

Several years ago, ASD has been studied in ALD as it is a surface reaction dependent

process and produces a high quality film with a very uniform thickness across the wafer.
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This technique is based on alternating two gases, precursor and co-reactant, in a half-cycles
in a sequential manner. A full ALD cycle would be completed after exposure of the surface
to both precursors®. There are three main approaches for AS-ALD that can be summarized
as (1) activation of the growth surface, (2) deactivation of the non-growth surface or (3)

alternating cycles of deposition and etching.

The first two approaches rely on the application of different modifications to a
surface prior to the ALD process. For example, a seed layer can be formed on the growth
area to catalyze and promote the deposition. As a result, precursor or co-reactant gases will
selectively adsorb on the growth area only [34]. Another kind of treatment can be performed
by exposing the surface to an H. plasma [35] or by depositing organic films such as self-
assembled monolayers (SAMs) [36-44] or polymers [45-49]. These organic films
preferentially react with a certain type of surface (metals or oxides) inhibiting any film
growth during the subsequent ALD process. The key in such techniques is to make a specific
surface more hydrophobic after polymer or SAMs deposition, as hydrophilic surfaces
enhance growth while hydrophobic surfaces block deposition [48]. An example of the
passivation of an area for an ASD process is presented in Fig. 1.7. In this case, AS-ALD is
a three step process that repeats until a specific thin film thickness is reached on the growth
area. Step A consists of the selective adsorption of inhibitor molecules on the non-growth
area. In step B, the growth precursor is generated and binds only on the growth area. The
oxygen in step C acts as the co-reactant that removes precursor ligands and etches inhibitor
molecules. However, this methodology is beset with many constraints, such as the
adsorption of the precursor on the inhibitor, and losing the inhibitor molecules after a few

cycles, to name a few [50].

3 Detailed description of ALD technique can be found in chapter 2
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inhibitor @
precursor {F
oxygen @

Growth area

Non-growth area

Patterned
surface

Figure 1.7 Schematic illustration of AS-ALD process using inhibitor molecules to prevent growth

on one area. [39]

One domain in ASD research focuses on alternating deposition and etching. This so-
called “super-cycle” method benefits from the nucleation delay between two different
surfaces to get the first monolayers to deposit selectively. Then, an etch step is introduced
to reinitiate a new nucleation delay [51-54]. In fact, for certain precursors, the nucleation
delay depends strongly on the surface properties and chemistry. However, this nucleation
delay appears only at the first stage of the growth process and for a relatively short time [20].
R. Vallat et al. have demonstrated the inclusion of a plasma etching step to Plasma Enhanced
ALD (PEALD) to "reset" the nucleation delay on the no-growth area. Doing so, a super cycle
of deposition and etching processes are repeated until the desired thickness is reached on the
growth area [51]. Fig. 1.8 shows an example of the main steps for the super-cycle approach
[54]. First a substrate with a surface composed of different materials (represented in grey
and red) is loaded for an ALD process. After several cycles, the deposition has already
advanced on the red area, while on the grey area, it has only just started. Then, an etching
step is performed, by Atomic Layer Etching (ALE), to stop the growth on the grey area, etch
the deposited nuclei, and reset a new nucleation delay. Finally, this super-cycle of deposition
and etching is repeated until the desired thickness is reached on the red area.
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ALD/ALE
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+ALD\ - /
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ASD
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1 1 1
ALD/ALE Super-cycles

Figure 1.8 Schematic of the deposition (ALD) + etching (ALE) super-cycle approach [54]

1.3 Microcrystalline Silicon Deposition

In this thesis, the main materials studied are thin films of hydrogenated
microcrystalline silicon (uc-Si:H), so this section includes the growth mechanism of this
specific type of silicon, as well as previous research studies from the LPICM about this

subject

In general, the growth of crystalline materials is a result of consecutive processes
starting from nucleation, followed by island growth, coalescence of those islands forming a
continuous layer [55, 56]. Similarly, growth mechanism for pc-Si:H consists of an
incubation phase, wherein a seed layer of crystallites (possibly within an amorphous layer)
is deposited on the substrate, followed by a columnar growth of crystalline zones that collide
and fuse, forming in the end a continuous layer [57]. The resulting pc-Si:H layer is different
from its amorphous counterpart, hydrogenated amorphous silicon (a-Si:H) in that it has a
smaller band gap and higher infra-red absorption compared to a-Si:H. Those properties made

it a good choice for photovoltaic applications, especially in tandem junctions with a-Si:H.

The most common technique used to deposit high quality pc-Si:H is plasma-based
deposition or more specifically Plasma Enhanced Chemical Vapor Deposition (PECVD).
Many details could be discussed if considering all the varying plasma chemistries that can
be used to grow pc-Si:H by PECVD. I will instead focus in this section on the growth steps

for two main plasma chemistries: SiHa/Hz and SiF4/H2 gas mixtures.
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Regarding the growth mechanism from SiHa/Hz, the first event that happens before
the growth of either a-Si or pc-Si:H is the decomposition of the gases in the plasma [56]. In
the case of a SiH4/H, mixture, under low pressure (<10 Pa) and low power (< 10 mW/cm?),
SiH3 is considered to be the main growth precursor, as SiHs radicals are found to be the
dominant chemical species detected in the steady state plasma [58, 59]%. SiH3 physisorbs on
the H covered surface and diffuses until it chemisorbs on a dangling bond or recombines
with SiH to form SiH4 or Si2Hs (when combining with another physisorbed SiH3) [60].
During this process, the first crystalline nuclei may randomly form, probably aided by the
presence of atomic H. If the plasma conditions encourage the growth of crystalline material
over amorphous material, these first nuclei (nucleation) will grow faster than the surrounding
a-Si:H, forming cones. When the cones collide, a continuous layer is formed with a
roughness dependent on the density of nuclei.

The next important parameter to look at is the hydrogen dilution ratio R= [H2]/[SiH4]
as the nature of the grown film depends strongly on this parameter®. As shown in Fig. 1.9,
by increasing R, the microstructure of the deposited Si:H thin film changes from the
amorphous phase (a-Si) to a mixed amorphous and microcrystalline phase (a+pc:Si) to then
reach microcrystalline phase (uc:Si), all for the same substrate temperature [61]. In the
figure, protocrystalline Si:H refers to the thin-film material in the amorphous regime of
growth. In addition, one can note that depending on the hydrogen dilution, the first several
angstrom of pc-Si thin film growth consist of either an a-Si incubation layer (if 20<R<40)
or just instantaneous nucleation of nano/microcrystallites (if R>40 for this temperature,

power and pressure).

4 When increasing pressure and power, other species such as SiH; and eventually higher silanes will take part
in the growth, and SiH3 will not be the only precursor

®> The ratio of plasma species fluxes at the surface together with ion energy determine the nature of the
deposited layer.
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Figure 1.9 Schematic representation of the microstructure evolution in the bulk thickness d, as a
function of hydrogen dilution of silane R= [H2]/[SiH4]. The blue and red dashed lines indicate the
a—(atpc), and (at+pc)—pc transitions, respectively. Nq is the density of nucleating centers of
microcrystalline growth. [61]

C.R. Wronski et al. represent the evolution of the microstructure as function of SiHs
dilution in a different way (Fig. 1.10). The silane dilution is inversely proportional to the
amorphous Si phase amount compared to the crystalline phase amount in the layer [63].
Indeed, at very low silane dilution, pc-Si has a columnar structure with relatively large grains
but no amorphous tissue. While for a slightly higher dilution, growth starts with an a-Si
incubation layer following by the nucleation of crystallites or nuclei that grow in cones until

they coalesce to form a continuous layer.

c=SiH,/SiH,+H, <10% 10 % 30-100%

High crystallinity, Typical material
Porous material microstructure for
best devices

Protocrystalline Amormphous material
material

Figure 1.10 Effect of silane dilution on the microstructure of thin-film Si material. Nanocrystallites

are represented in white while the amorphous tissue is in gray. [61]
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Fig. 1.11 presents a typical Transmission Electron Microscope (TEM) image of a pc-
Si layer with its a-Si incubation layer, demonstrating the morphology resulting from pc-Si
growth [61-63]. In general, one can say that for any silane dilution, the resulting pc-Si film
consists of a mixture of grains (or nanocrystals), amorphous tissue, and voids, and the surface

of the layer is relatively rough compared to a-Si:H.

Figure 1.11 Dark field TEM image of a typical pc-Si layer having 500 nm of a-Si incubation layer
(left) and its schematic representation (right). & represents nanocrystals and A the conical structure
[64].

It has furthermore been demonstrated that not only the silane concentration in the gas
mixture controls the crystallinity of the film, but also the silane concentration in the plasma
[65], as well as the substrate material [66]. lons also have a crucial role in determining the
nature of the film, as they enhance the surface diffusion of plasma species (which favors
crystallinity) at low energy [67], but destroy the crystallinity (or cause renucleation within

existing crystals) when their energy becomes too high.

Due to its simplicity and material quality, the SiH4/H> plasma chemistry is the most
common one used to grow microcrystalline silicon. However, other precursor mixtures have

been explored with success for the same purpose, notably the SiFs/H2 plasma chemistry.

In 1978, silicon thin film deposition from a SiF4/H2 plasma chemistry was
demonstrated by the S. Ovshinsky and A. Madan group [68, 69]. The films grown were an
amorphous Si-F-H alloy with a low density of states and high photoconductivity, essential
properties for electronic applications. This same chemistry can also produce pc-Si thin films
on glass substrates, at higher hydrogen flows compared to a-Si deposition, and at a substrate
temperature lower than 300° C [70]. Later on, G. Bruno, P. Capezzuto, and G. Cicala, studied
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the chemical processes of a-Si growth in an RF-PECVD system using a SiF4/H2 gas mixture
[71]. Afterwards, this same group studied the deposition of pc-Si films from a similar
SiF4/H>/He gas mixture [72]. They suggested a phenomenological model of the growth
based on deposition/etching competition. Deposition of uc-Si is activated by SiFx radicals
and hydrogen atoms while a-Si etching results from F atoms removing the silicon. The
growth is described assuming F will selectively etch the a-Si phase, promoting
microcrystalline growth. From SiFz, H, and F density (corresponding to their emitting
excited states obtained from OES data), they showed that by controlling the plasma process,
pc-Si deposition can be achieved. A much higher deposition rate than etching rate mainly
yields the amorphous phase, whereas approaching the equilibrium results in the amorphous

to-microcrystalline phase transition [73].

Another model for the growth of pc-Si from a Ar/SiF4/H2 gas mixture has been
studied in the LPICM laboratory [74]. The argon in this chemistry is considered as a catalyst
for the dissociation of SiF4. To understand the reactions leading to growth, it uses kinetic
equations that are correlated with the intensity of the emitting excited states of different
plasma species. Equations 1.5 and 1.6 describe the dissociation of SiF4 and H> gases,
producing mainly SiF3, F and H. In the model, SiFs is assumed to be the growth precursor.
The third equation corresponds to the reaction between hydrogen and fluorine, resulting from

the above dissociation reactions, creating volatile HF molecules.

SiF, + e~ o SiF; + F (1.5)
H, o 2H (1.6)
H+F o HF (1.7)

H, + F & H + HF (1.8)

The reaction (1.7) plays a vital role in the growth, as it provides a route for the
scavenging of F by atomic hydrogen. The removal of F contributes directly to the growth
since fluorine is the most electronegative element and can etch wide range of materials,
including silicon. In order to avoid etching, Hz gas dilution is controlled in a way to have
enough atomic H to scavenge all atomic F. Equation 1.8 reminds one that H, can also be
effective in scavenging F, but will not participate in the nucleation process as will atomic H.
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As in the SiH4/H2 mixture, H, flow rate determines the microstructure of the material.
However, different mechanisms are involved in the case of SiFs/H2 and are presented in Fig.
1.12. In this study, all process parameters (except H> flow rate) were kept constant, namely
Ar and SiF4 (4 sccm) flow rates, as well as power and substrate temperature. In the absence
of Ha, no deposition occurs (as no F is scavenged). The deposited silicon film at Hz flow
rates between 0 and 5 sccm is amorphous (when F is in excess), and at H» flow rate greater
than 5 sccm, it is microcrystalline (when Hz is in excess). The amorphous to microcrystalline
silicon transition was found to be at the limit between those two regimes. It was also pointed
out that the pc-Si deposition rate depends on RF power only when H is in excess to F [76]

which is unlike the SiH4/H2 plasma chemistry.
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Figure 1.12 Deposition rate and crystallinity of deposited Si layer as function of H, flow rate. Ar
and SiF4 flow rates, power, pressure and substrate temperature are constants (taken from ref [75]).

This particular plasma chemistry has been employed in our laboratory for the
deposition of pc-Si:H and epitaxial Si both for thin film transistors TFTs [77] and
photovoltaic applications [78, 79]. During the extensive research studies performed, the
Ar/SiFs/H2 plasma chemistry has occasionally displayed selectivity regarding the substrate
surface in terms of deposition and morphology. For example, P. Roca i Cabarrocas et al.
have demonstrated that pic-Si:H can be deposited selectively on Cr layers (evaporated on
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glass), but only provided that the surfaces are pretreated with a Hz plasma [77]. In another
study, S. Kasouit (in his doctoral thesis) was able to show that the structure of the deposited
pc-Si:H layer is dissimilar on the same SiNx surfaces when pre-treated with different
plasmas; on Ar plasma-treated surfaces, the deposited layer consists of dense grains and is
relatively smooth, while on N2 plasma-treated surfaces, the deposited layer is heterogeneous
with a mixture of large agglomerates and small grains. [80]. Recently, this plasma chemistry
combined with a non-sinusoidal Tailored Voltage Waveform (TVW) (Fig. 1.13) excitation
source displayed electrode-selective deposition and etching [81]. The particularity of this
source is in its capability of decoupling plasma density and ion flux and localizing excitation
events, creating different plasma conditions near each electrode. This proved useful for
Ar/SiFa/H>, as the local plasma chemistry determines whether there will be deposition or
etching. Indeed, it was demonstrated that when the density of F is greater than that of H, an
etching process will occur. Under the opposite conditions, at the other electrode, a deposition

jprocess occurs.
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Figure 1.13 Tailored voltage waveform corresponding to sawtooth-up and sawtooth-down [79]

In summary, microcrystalline silicon thin films deposited using an Ar/SiFa/H;
plasma chemistry have shown sensitivity toward both surface treatments and local gas
composition, making this chemistry a promising candidate to explore for Area Selective

Deposition processes.
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1.4 Thesis outline

Interest in Area Selective Deposition processes is increasing, both for industry and in
academic research. The aim of this thesis is to introduce a new ASD approach based on

Plasma Enhanced Chemical Vapor Deposition using an Ar/SiF4/H plasma chemistry.
The manuscript chapters are organized as follows:

e Chapter 2 describes the numerous deposition techniques used in the thesis, as well
as the photolithography process used for substrate preparation. It also includes a
description of the experimental PECVD tool setup, and of the main surface and
plasma characterization techniques that were used.

e Chapter 3 covers experimental results for the area selective plasma enhanced
chemical vapor deposition (AS-PECVD) process. The optimal plasma and
experimental parameters used to achieve AS-PECVD on SiOxNy versus AlOx will be
detailed for two different plasma reactors. Then, the sensitivity of the selective
process to experimental conditions will be discussed. Finally, we investigate the
selectivity of the process for other substrate materials.

e Chapter 4 focuses on the likely physical reasons behind our AS-PECVD process
based on results from x-ray spectroscopy analyses of the surface. We also show
results of plasma characterization under different conditions.

e Chapter 5 discusses the challenges that arose during sample fabrication by
photolithography, followed by the solutions that were successfully deployed. This
chapter concludes by presenting successful selective deposition on smaller area
features.

e Chapter 6 offers a general conclusion and future perspectives for this project.
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2.1 Sample fabrication

Demonstrating Area Selective Deposition (ASD) requires a particular sample design
in which two different surface materials are on the same substrate. In our work, sample
substrates were designed and made in two configurations, as shown schematically in Fig.
2.1. The first configuration (Configuration 1) consists of simply masking an AlOx coated Si
substrate with a piece of clean c-Si, and then depositing a silicon oxynitride layer. We used
this configuration to find the optimal conditions for ASD and to study the mechanisms
behind our AS-PECVD process. The second configuration (Configuration 2) uses the
photolithography to pattern AlO./SiOxNy into a well-defined structure. Photolithography
gives the flexibility of varying the dimensions of the growth and non-growth areas on the

same substrate, while also being closer to standard wafer processing workflow.

Configuration 1

/

[
Step 1 Step 2 Step 3
Aluminum oxide Cover a part of AlO, Silicon oxynitride deposition
deposition by ALD area by a piece of Si by PECVD

Configuration 2

2mm 2mm

c-Si
Step 1 Step 2 Step 3 )
Aluminum oxide Silicon oxynitride deposition Patterned AIO,/SiO,N, by
deposition by ALD by PECVD photolithography

Figure 2.1 Sample fabrication steps for two experimental configurations, with and without
photolithography, along with photo of samples for each configuration

In the following, a detailed description of each fabrication step mentioned in Fig. 2.1,
as well as the techniques involved in the sample preparation, will be discussed.
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2.1.1 Deposition techniques used for substrate preparation

2.1.1.1 Atomic Layer Deposition

Atomic Layer Deposition (ALD) is a thin film deposition technique providing high
quality and perfectly conformal thin layers with atomic scale control [1-4]. It was discovered
and developed independently in the 1960s in Finland and the Soviet Union, and patented in
the early 1970s by T. Suntola and co-workers in Finland [5, 6]. ALD technology was first
developed for ZnS thin film electroluminescent (TFEL) flat panel displays. In the beginning,
the name of the technology was Atomic Layer Epitaxy (ALE) where the “epitaxy”
appellation refers to “on-arrangement” growth mechanism, rather than any structural

relationship between crystalline deposition and crystalline substrate.

An ALD process consists of sequentially alternating exposure to a chemical
precursor and to a co-reactant that will react on a surface. Each precursor is pulsed into a
chamber under vacuum during a set time (from tens to hundreds of milliseconds) and then
the reactor is purged (usually with N2 to prevent any gas phase reactions). This is followed
by a pulse of the second precursor, and subsequent new purge. Those two gaseous precursors
react with the surface they face in a way to form a layer of material (close to one monolayer
in thickness). Every precursor-surface interaction is considered as a half-reaction step and
the two reactions are always separated with a purging step by an inert gas [7]. An example
of such a process is illustrated in Fig. 2.2, which describes the deposition of Al.O3 on a
silicon substrate from trimethylaluminum or TMA (AI(CHzs)3) and water (H20) precursors.
The first half-reaction is the chemical reaction of the TMA precursor that bonds to the
surface without fully decomposing. It changes the termination of silicon to a CH3 surface,
enhancing its reaction ability. Afterward, the inert gas is introduced to purge and push the
remaining vapor products out of the deposition chamber. The second ALD half-reaction
occurs after introducing the water co-reactant, which binds with the surface leading to the
removal of the methyl groups (as CHa4) and deposition of the first Al.Os monolayer with a
surface terminated with OH groups [8, 9]. These two reactions are repeated over and over

again during each ALD cycle.
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Typically, ALD half-reactions are self-limiting; the precursor reacts only with the
available surface sites, and once those sites are saturated, no more deposition will occur,
even if the surface is still exposed to the precursor or the co-reactant. The temperature of the
surface provides conditions for the chemisorption of a single layer and for the desorption of
any physisorbed molecules. Typically, only about one monolayer is formed during each half-
reaction.

TMA: &-

CH;-terminated
o P ( H, surface:

[.u_n_ﬁii] i m

surface:

H 0 &
Repeat TMA T
OH-terminated < cycle >
Q”f & h CH, removal

R % AlO, formation

purge
h

N;

Figure 2.2 Reactions during AlOx deposition by ALD using Trimethylaluminium (TMA) and
water (H20) [8]

ALD has numerous advantages, such as the ability to produce highly conformal
coatings even over very complex motifs, atomic scale precision, and perfect reproducibility
of thin film thickness by simply controlling the number of precursor pulses. As well, it is a
deposition technique compatible with soft and organic substrates, in principle, though

staying within acceptable ALD temperatures for these substrates may affect result quality.

In this work, we used a Picosun® R-200 ALD system (Fig. 2.3) for the deposition of
about 50 nm of AIOx using TMA and water precursors. The process reactions are as
described above (Fig. 2.2). The temperature was set to 200°C and the process runs for 500

cycles.
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Figure 2.3 Picosun® R-200 ALD system

2.1.1.2 Plasma Enhanced Chemical Vapor Deposition

a) Chemical Vapor Deposition

Chemical vapor deposition is a thin film deposition technique that relies on the
chemical reactions of a gas-phase precursor with a heated substrate [10-12]. The principal
steps for the mechanism of thin film growth by CVD are illustrated in Fig. 2.4. In short, the
reactant gases are first introduced into the reactor. Depending on whether the deposition
system is a “hot wall” or “cold wall” system, the gases are either decomposed into
intermediate precursors and gaseous by-products before reaching the substrate, or they get
cracked on the substrate surface. Then, the reactants adsorb onto the heated substrate surface
and diffuse, searching for an energetically favored bonding site. This will lead to the
nucleation, coalescence and growth of a continuous thin film. Finally, the reactants that do
not react with the surface and by-product are transported away from the chamber by the gas

stream.
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Figure 2.4 The main important steps for a CVD process [10]

Plasma enhanced chemical vapor deposition is a variant of CVD that uses plasma as
an additional energy source to generate reactive species responsible for the growth of thin
film. In this case, substrate temperature can be much lower compared to that of conventional
CVD.

b) Plasma

Plasma designates a globally-neutral ionized gas consisting of neutral and charged
particles, i.e. electrons and ions. It is considered as the fourth state of matter and the most
abundant form of matter in the universe (stars, including our sun, are plasmas). The change
from a gaseous to a plasma state can occur gradually with increasing temperature. However,
it does not involve any phase transition in the thermodynamic sense, like the transition
between solid, liquid and gas. Plasmas can be divided into two categories in terms of
temperature: thermal plasmas, where electrons and heavy species (ions and neutrals) have
the same temperature, and non-thermal or non-equilibrium plasmas, with electrons having
usually a much higher temperature than either neutrals or ions. Thermal plasmas can be
found in broad areas of research and manufacturing, from fusion [14] to welding, while non-
thermal plasmas are widely applied in industrial research including medicine [15, 16],
decontamination removal [17], aeronautics [18] and microelectronics manufacturing [19-

21]. We can note, in particular, material processing, for which plasma deposition (PECVD)
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and plasma etching (RIE) equipment are used to generate non-thermal plasmas in a vacuum

chamber.

In practice, a non-thermal plasma is ignited by applying an electric field to a gas
contained within a plasma chamber. The electric field, provided by a direct-current (DC),
radio-frequency (RF) or microwave (MW) power source, will be responsible for gas
breakdown and acceleration of free electrons. When those electrons gain enough energy,
they can collide and excite and ionize neutral gas atoms or molecules and break them into

electrons and ions and also generate other reactive species, such as radicals.

C) Radio Frequency PECVD

Radio frequency (RF) electric field or voltage sources are widely used in PECVD
thin film deposition technologies under different configurations, such as capacitively-
coupled plasmas (CCPs) and inductively coupled plasmas (ICPs). As only CCP RF systems
have been employed in this work for both deposition and etching, | will describe briefly this
configuration only. Therefore, in the CCP configuration, the gas flows between two
electrodes; one powered with RF voltage, and a second which is grounded (as can be seen
in Fig. 2.5). The matching box in the figure is used to maximize the delivered power, and
the capacitor between the matching box and the powered electrode is to allow the powered

electrode to take on a DC self-bias voltage.

Impedance

| matcher
Blocking

capacitor —[—

. Powered electrode’ -

RF power
source

.. Grounded electrode . .°

Figure 2.5 Capacitively coupled plasma configuration [22]
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The electric field created by the applied RF voltage initially accelerates any electrons
present due to ionizing radiation, starting an avalanche process wherein accelerated free
electrons ionize more and more gas particles. This continues until steady state is obtained,
when the generation rate of new electrons is equalized by the electron losses to the walls.
The particularity of RF non-thermal plasma is that [23-25]:

Q) the electron mobility in the plasma is much greater than ion mobility due to mass
difference between electron and ion
(i) the electron follows the electric field variation instantaneously while the ions
only respond to the time-averaged electric field. This is because in
radiofrequency domain (1-500 MHz), plasma frequency w follows the
relationship:
Wpi KW K Wpe

,2\1/2

Where w,; = (:lle )

i€o0

nee?

1/2
and wpe = ( ) are ion and electron frequencies

Me&o
respectively; n; and n, are ion and electron densities respectively; m; and m,, are
ion and electron masses respectively; e is the elementary charge; &, is the vacuum

permittivity.

Under those conditions, once the plasma is ignited, electrons are lost more quickly
to the walls and to the electrodes than the heavier ions, and that process creates the so-called
sheath - a positive space charge region. Therefore, the slowest electrons and negative ions
are confined in the center of the plasma in about equal concentration, while the positive ions

at the sheath boundary are accelerated towards the electrodes (see Fig. 2.6)*.

Usually in a CCP PECVD, the substrate is mounted on the grounded electrode.
Therefore, on the substrate surface there is (1) a positive ion flux, (2) an electron flux (of
electrons that have enough energy to pass the sheath potential barrier at a given point in the
RF cycle) and (3) a radical species flux. By these means, a thin film may be built up from
radicals and ions arriving on the substrate surface, and whose quality depends on the ion

bombardment energies and the flux of other reactive species reaching the surface. However,

! Especially important for RIE etching, when substrate lies on smaller biased electrode and self-
bias adds more energy to the ions
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in the CCP configuration, the amplitude of the RF voltage determines both the the ion flux
and the ion bombardment energy at the substrate, it is impossible to control these two

quantities independently.

HO-

xoq suiyoley
o
+

- Plasma bulk:
nL=n,+ n_

Figure 2.6 Schematic of RF-PECVD along with voltage profile in the plasma

During my PhD, three CCP reactors were used: two RF-PECVD systems,
(nicknamed ARCAM and ATQOS), for the Area Selective Deposition of pc-Si thin films from
an Ar/SiFa/Hz gas mixture, and one reactive ion etching (RIE) system for the SiOxNy etching
needed for pattern fabrication (configuration 2 in Fig. 2.1). A detailed description of those

three systems can be found in the next sections.

d) Electron Cyclotron Resonance PECVD

In an Electron Cyclotron Resonance (ECR-) PECVD system, a 2.45 GHz magnetron
microwave power source and either Helmholtz coils or permanent magnets are used to
generate and confine a high density plasma (electron density higher than 10%° cm). The
mechanism can be described as follows: under a uniform and static magnetic field B, all
moving free electrons, due to the Lorentz force, will gyrate with a radius 7;:

me
eB

o~

(2.1)

rn, =
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where m, and e are the mass and charge of the electron, respectively, and 1/, is the electron
velocity.

The frequency of this gyration is given by the formula (2.2):

e.
21.

fom (17 (2.2)

Since the frequency of the microwave electric field produced by our generators is
2.45 GHz, the source requires an 875 Gauss magnetic field to have the cyclotron rotation
frequency be the same. In addition, if the mean free path is large enough (no collisions with
heavy particles during several gyration cycles, which will require relatively low pressure)
the electrons will be resonantly heated, gaining significant energy in the ECR conditions and
generating a high density plasma as a result.

In this work, an ECR-PECVD system (nicknamed "VENUS") was used for the
deposition of SiOxNy layers. It is a matrix-distributed (or multi-dipolar) ECR (MDECR)
plasma reactor that consists of 16 microwave antennas with integrated permanent magnets,
arranged in matrix configuration [26] (for more details about VENUS reactor see B. Haj
Ibrahim PhD thesis [27]).

Fig. 2.7 shows a photo of the VENUS system (left hand side) as well as its schematic
representation, extracted from reference [28] (right hand side). As seen in the schema, the
substrate is placed on an independent electrode that can be biased with a 13.56 MHz RF
power source. This allows one to decouple the plasma generation from the ion bombardment

energy, to better control the energy of ions impinging on the surface.
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Impedance matching unit
Microwave antenna & magnet
Injection of oxidants

ECR region

Pyrophoric gas injection line
Substrate holder

Pumping system
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Figure 2.7 Photo of VENUS ECR-PECVD reactor and its schematic representation, extracted from
ref [28].

2.1.2 Patterned sample fabrication

2.1.2.1 Photolithography steps

As was already mentioned in the introduction, photolithography is the process of
replicating the shape of a mask on a substrate through the use of a resist, (a light-sensitive
polymer substance) and an ultra-violet light source. During my thesis, the fabrication of
patterned samples as in Configuration 2 (Fig. 2.1) was done by me in the Thales TRT clean
room, at the Ecole Polytechnique campus in Palaiseau. The fabrication requires multiple
steps, starting from coating the substrate with photoresist, and finishing with the substrate
having AlO./SiOxNy areas with different feature sizes (from several millimeters to 15
micrometers), depending on the chosen photomask (see Fig. 2.8). Each step in the protocol
of photolithography and pattern fabrication will be further described below and in chapter 5

section 5.1.1.
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00000, —

photoresist photoresist photoresist
- SiON, .~ SiON,
AlO, AlO, AlO,
substrate substrate substrate
(a) Photoresist (b) Soft bake (c) UV exposure
spin coating (Glass-Cr mask

manually aligned)

resist resist resist resist
[ SioN, ] | SiO,N, | | SiO.N, |
AlO, AlO, Alo,
substrate substrate substrate
(d) Developing (e) Dry etching (f) Photoresist
(RIE) removal by
acetone

Figure 2.8 AIO,/SiOxNy pattern fabrication steps

1) Photoresist spin coating

In most cases, the photoresist spin coating step was done after deposition of the
desired layer stack. In some cases, if the mask had features of the order of ten micrometers,
an additional substrate cleaning step was required. This step aimed to increase surface
hydrophilicity by treating the SiOxNy surface with Oz plasma, and then spin coating a primer

for a better photoresist adhesion.

After surface cleaning (and possible primer application), the substrate and any layer
stack was coated with photoresist solution by spin coating. In this method, illustrated in Fig.
2.9, the substrate is placed on a vacuum chuck. The resist is then applied on the surface via
a pipette. The chuck accelerates and spins until the film covers whole wafer and dries. The
acceleration depends on the viscosity and the desired resist thickness. In most of our cases,
we chose 3000 rpm for 30 seconds to deposit 1.3 um of SPR 700 1.0™ photoresist, which
was suitable for features on the order of 2 mm large. For smaller features, the spin coating
acceleration was increased to 6000 rpm for 30 seconds in order to have thinner photoresist
(of 1 pum of thickness). In this manner, less developing time is needed to reduce the
possibility of removing the hard photoresist.
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) Dispenser
Resist

Vacuum

Figure 2.9 Spin coating process extracted from ref [29]
2) Soft bake

After photoresist coating, the substrate is placed on a hot plate kept at a temperature
of 110°C for 1 minute to remove any residual solvents from the photoresist. If this step is
done at higher temperature or longer time, the photoresist will become too hard and
impossible to be removed by standard solvent-based steps. Afterwards, the substrate is

cooled down to room temperature.

3) Ultra-violet light exposure

The substrate is exposed using the 405 nm UV line of a mercury lamp in a Karl Suss
MJB3 mask aligner. The photomask is made of glass with the pattern in chromium. During
the exposure, the light will pass through the transparent part to the photoresist. The part
covered with chromium will protect the surface underneath from UV exposure. This step is
crucial for determining pattern resolution. There are two main exposure modes: (i) contact
(including hard and soft contact) where the photomask is in direct contact with the surface
and (ii) proximity where there is a small air gap between the mask and the substrate surface.
In terms of optical resolution, it is always better to reduce the distance between the
photomask and the surface to limit the light diffraction in the air gap. However, it leads to a
higher risk of mask damage (mask contamination due to particles coming from the substrate
or organic photoresist residue partially backed) [30]. In this work, the distance between mask

and surface was controlled manually, the mask position was fixed while the substrate holder
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was bringed closer to the mask. This did not have any impact on the 2 mm minimum feature,
but was an issue for the 15 um features? as we lost the resolution quality. This is likely due
to the fact that the effect of light diffraction in the air gap between the dark areas of the mask

and the substrate is greater for smaller features compared to larger ones.

The photoresist, by its chemical nature, is photosensitive, which means that a
chemical reaction occurs between photoresist and UV light. There are two types of
photoresist: positive and negative. Positive photoresists become soluble when exposed to
UV light, while negative resist is hardened or cross linked when exposed to UV light. For
example, in figure 2.8c, since we are using a positive photoresist, the part exposed to UV
light will be soluble in the next processing step.

4) Developing

The substrate is totally immersed in MICROPOSIT® MF-319® developer. The exposed
areas of the positive photoresist surface were dissolved and removed while the unexposed

areas remain on the surface (see Fig. 2.8d).

2.1.2.2 Etching

After lithography, the removal of the part of SiOxNy non-covered with photoresist
can be performed by wet etching or dry etching. Wet etching refers to the use of chemical
solutions such as acids to remove the undesired material. Dry etching designates the use of
plasma for the removal of undesired material. In my thesis, we chose a dry etching method,
employing a reactive ion etching (RIE) tool (Nextral NE100) installed in Thales TRT,
Palaiseau. The RIE system is a CCP plasma system with a 13.56 RF-biased substrate holder.
It generates reactive species and controllable directional ion flux assisting in the removal of
the material from the surface via volatile species and sputtering [31]. An SFe plasma was
used in the RIE, as it is known to etch SiOxNy at higher rate than AlOx [32, 33]. Thus, once
the SiOxNy is totally etched away, the SFe plasma species will not etch the subsequent AlOx

area right away. The chosen conditions were based on previous studies: 30 sccm of SFg gas

2 This case will be detailed in chapter 5
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flow, a pressure of 10 mTorr and a power of 20 Watts. | optimized the plasma etching time

to that required for my sample preparation.

2.1.2.3 Photoresist removal

The photoresist was stripped by acetone, followed by isopropanol rinsing to remove
the remaining resist traces from the substrate (Fig 2.8f). Unfortunately, acetone and
isopropanol rinsing were not enough to remove all photoresist, so an additional step was
required.

All results related to the patterned substrates, including contamination resulting from

the fabrication process, will be the subject of chapter 5.

2.2 Experimental setups

2.21 ARCAM

The ARCAM system pictured in Fig. 2.10 is a hot wall capacitively-coupled multi-
plasma reactor with three reconfigurable deposition chambers of plasma box type [34] and
a carousel capable of holding six sets of samples. Five samples of 1x1 inch can be loaded in
each set. In our case, ARCAM was used to deposit microcrystalline silicon thin films using
an Ar/SiF4/H2 gas mixture and an inter-electrode distance of 22 mm. This reactor

configuration allows one to try many conditions in one run.

Figure 2.10 Photo of ARCAM reactor
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2.2.2 ATOS

ATOS is a RF-CCP plasma system, like ARCAM, but with a single chamber and no
“plasma-box” (Fig. 2.11). It has a load lock and equipped with an in-situ ellipsometry system
(J.A Woollam RC2) that capable of measuring a full spectrum (photon energies between 0.5
and 6 eV) in one second. The interelectrode distance was fixed at 25 mm in ATOS. Each
electrode is heated independently, but both were set to the same temperature for all
experiments (and so "electrode temperature” indicates that of both electrodes). The
substrates were always placed on the grounded electrode. An Optical Emission Spectrometer
(Maya 2000 Pro compact OES spectrometer from Ocean Optics) was also mounted in the
system to measure the intensity of the emission lines in different plasma conditions®. This

allows one to identify the major plasma species.
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=
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l 100°C-175°C 100°C-175°C
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Figure 2.11 Schematic representation of ATOS plasma reactor (on the left) and its photo (on the
right)

Moreover, ATOS is a geometrically asymmetric reactor, which means that the RF
electrode has a smaller surface area than the grounded electrode, once one recognizes that
chamber walls are also grounded. In such a configuration, the self-bias voltage on the RF
electrode is always negative. In addition, the grounded electrode (substrate holder) is

bombarded by energetic ions with energies around eV, = eVzr and their energy can be

3 More details about OES technique are found in the appendix
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controlled by the RF voltage, though it will not be independent from the power injected to

the plasma.

Regarding the power source, we typically used a 13.56 MHz radio frequency
generator with an automatic match box and integrated power monitor. For some cases, a
variable frequency voltage source replaced the 13.56 MHz source, along with a manual
matching box and power monitor to keep constant power®. By using a variable frequency
source, we could change the excitation frequency, and thus vary ion bombardment energy
and power independently. In fact, H. Goto et al. have shown that for a constant power, |Vp|
decreases with the increase of the excitation frequency, as seen in Fig. 2.12 [35], indicating

a reduction of ion energy.
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Figure 2.12 Self-bias voltage as a function of log of excitation frequency for an Ar plasma

(pressure = 7mTorr and rf power = 100W) (extracted from ref. [35])

2.2.3 Ellipsometry

Ellipsometry is an optical characterization technique that measures the change in

polarization state of light reflected from or transmitted through a surface. An example of an

% Results are included in chapter 4
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ellipsometric measurement is presented in Fig. 2.13 [36]. The elliptically polarized light is
incident upon and reflected from the surface of a sample. The ellipsometer measures the
change in the polarization of the reflected light, as it is dependent on the optical properties

of the material and thickness of any film, if present.

The fundamental equation of ellipsometry is given by the formula (2.3):
iA T'p
p=tan¥e'® = — (2.3)
rS
Where ¥ and A are the ellipsometric angles, p is the reflectivity, and r, and r; are Fresnel

reflection coefficients. [37, 38]

1. Known input
polarization

E p-plane

3. Measure input
polarization

s-plane

Plane of incidence

2. Reflect off sample . . .

Figure 2.13 Schematic representation of ellipsometric measurement (extracted from reference 36).

The dielectric function e and/or the refractive index n of the semi-infinite substrate
can be determined directly from the ellipsometric angles, unless the roughness is significant.
However, the thickness of the film on top of the substrate, as well as the optical constants of
the thin film material, are determined by building a model and fitting it to the experimental

spectroscopic ellipsometry (SE) data.

In this work we have used both an ex-situ spectroscopic ellipsometer Uvisel-1 from
Horiba Jobin-Yvon in the range 1.5-4.5 eV and in-situ ellipsometry (J.A Woollam, 1.2-5.0
eV photon energy range) mounted on the ATOS reactor.

For both ex-situ and in-situ ellipsometric spectra, the model was built as follows: (i)
the substrate layer stack (before any plasma deposition) was measured and modelled. It

typically consisted of a crystalline silicon substrate covered with a 55 nm layer of AIOx and
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a 70 nm layer of SiOxNy, both modeled by a classical dispersion model [39] (Fig 2.14 a). (ii)
Next, the thicknesses of those layers were held constant for the modeling after plasma
exposure; only the thickness and the optical constants of the deposited material are allowed
to vary and be fitted. The material deposited on top of the stack is modelled with a Tauc-

Lorentz (TL) dispersion function [40].

For the in-situ ellipsometric spectra, the thickness, surface roughness, and TL
parameters were fitted for the layer at the end of the AS-PECVD process. The surface
roughness is represented by a mixture of 50% of the deposited material and 50% of void
using the Bruggeman effective medium approximation. Then, progressing backward in time
from the end point, only the thickness and surface roughness were allowed to vary to achieve

a fit for every other point in time (Fig. 2.14b).

70 nm SiO,N,
50 nm AlO

c-Si
(a)t=0min (b) t =20 min

Figure 2.14 Schema of ellipsometric model built based on the substrate layers (a) before plasma
deposition (att = 0 min), and (b) at end of plasma deposition (t =20 mins), a “Tauc-Lorentz” layer,
representing the Si layer and its roughness, were added to the model.

2.3 Sample and plasma characterization techniques

2.3.1 Atomic force microscopy

Atomic force microscopy is an imaging tool based on measuring the height of a
sample’s surface relief by scanning a probe over the surface. It is mainly used to get access
to the surface morphology (topography) and structure (crystallinity) but also can measure

further sample properties at nanoscale such as conductivity and hardness.
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AFM is based on the interaction between a sharp tip attached to the end of a cantilever

and the surface (Fig. 2.15). A laser spot is reflected from the cantilever to a photodiode

detector. During the measurement the sample is scanned alongthe x,y plane. As the probe is

kept in proximity to the surface, the surface height variation will change the cantilever

deflection resulting in the change in the laser spot position. A feedback system will change

the tip height to undo this deflection, and this feedback signal is recorded as a height [41].

Different imaging modes exist:

(i)

(i)

(iii)

contact mode, where the overall force is repulsive as the tip is in direct contact
with the surface. This mode is usually used to image delicate structures that
require sub-molecular resolution. However, the tip is easily destroyed, as it is
sensitive to the surface topography.

tapping or intermittent mode, where the cantilever oscillates from top to bottom
position at or near its resonant frequency. In this manner, the lateral sample-tip
forces are reduced. This mode is the most common imaging mode, as it is gentle
on a wide range of materials and it is the one we used for our samples.
Non-contact mode, where the cantilever oscillates at or above its resonant
frequency. In this mode, the tip does not touch the sample, reducing its
degradation, and the Van-der-Walls forces are dominant. However, the imaging
resolution is low compared to the other modes.

Photodetector

Laser Beam

Cantilever

Surface

?— Tip Atoms

f Force

Surface Atoms

Figure 2.15 Atomic force microscopy principle (extracted from ref. 42)
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AFM applications extend to life science, material science, nanotechnology, energy,

electrochemistry and much more.
Three AFM systems has been used (all in tapping mode) during my PhD work.

e Agilent Technologies 5500 scanning probe microscope in “Institut Photovoltaique
d'lle-de-France”- IPVF. The probe is a n-doped Si tip with a resonant frequency of
the cantilever between 200-400 kHz and a radius of around 10 nm. The images taken
by this system are presented in chapter 3

e Digital Instruments Dimension 5000 in the LPICM. The probe is n-doped Si with a
resonant frequency of the cantilever between 204-497 kHz and a radius of around 10
nm.

e Bruker Dimension Icon with ScanAsyst AFM system in the Laboratory of
Mechanical Solid at Ecole Polytechnique. The probe is a n-doped Si tip with a 150
kHz cantilever resonant frequency. The AFM images in chapter 5 were taken from
these last two AFM systems.

2.3.2 Scanning electron microscope

Scanning Electron Microscopy (SEM) uses an electron beam to form an image of the
sample surface. The electrons interact with the sample materials, generating back-scattered
electrons, characteristic X-rays, secondary electrons, transmitted electrons and more (see
Fig. 2.16). In the most common imaging mode, emitted secondary electrons (resulting from
the inelastic interactions between the electrons and the sample) are detected by a secondary
electron detector. The SEM image therefore gives information about sample surface

topography and composition.

To image samples during my thesis, | used a HITACHI S-4800 microscope at 10 kV
and 5 pA (using the upper detector) and the samples were slightly tilted for a better access

to the surface structure.
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Figure 2.16 Signals generated after interaction between electron beam with sample. [43]

2.3.3 Transmission electron microscopy

Transmission Electron Microscopy (TEM) uses very high electron energies (in the
range of 80-300 KeV), under ultra-high vacuum (10~ to 10~° Pa), to get access to the entire
object, including the surface and any internal structures, at high resolution. It requires a

special sample preparation to produce thin samples (nanometer scale thickness).

In this work, we used a High Resolution-TEM (HR-TEM)-imaging mode, which
gives images with an atomic resolution. Bright and dark imaging modes were both used. In
the bright mode, the electrons transmitted through the sample are detected, while in the dark

mode, scattered electrons are detected [44].

TEM and energy dispersive spectroscopy (EDX) analysis were performed on two
different microscopes (both FEI Titan Themis 200 TEM) either at the Center for
Nanosciences and Nanotechnologies (C2N) or at the LPICM, using 300 kV and 200 kV
accelerating voltages, respectively. For such analysis, a specific specimen preparation is
required. Therefore, cross-section-lamellas have been prepared using a standard lift-out
procedure within a Focus lon Beam dual beam microscope (FIB, FEI-Scios Dual Beam).
FIB is a system that uses ions to sputter material from a surface in a way to mill it, and then

to extract a specimen from a large sample, in order to transfer it to a TEM grid for imaging
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and characterization. The dual beam microscope is equipped with a gallium ion source and
an electron beam. It has the advantage of combining a FIB for the milling process, and an
SEM for imaging. Carbon and platinum protective layers have been deposited on top of the
sample prior to the FIB milling process in order to prevent Ga ion implantation during the

milling process.

For the chemical analyses, we used a Titan-Themis operating at 200 kV equipped
with a Cs probe corrector and a SuperX detector that allows chemical analyses of light and

heavy elements with a spatial resolution within the nm range.

2.3.4 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS)is a surface analysis technique used to get
access to the elemental composition of a material (at its surface) as well as the chemical
environment of those elements (character of chemical bonds and oxidation state). By these
means, it allows one to identify and quantify the elemental composition of a sample under
analysis, as well as quantifying the distribution of bonding arrangements. The principle of
the technique is as follows: the kinetic energies of electrons ejected from a surface irradiated
by a soft X-ray beam are measured. The interest of using X-rays lies in their capability to
access the core electrons of the atoms on the sample surface, as they have enough energy
excite those electrons to the vacuum energy level.

XPS analysis is done under high vacuum conditions, and its principle is illustrated in
Fig. 2.17a. X-ray are firstly generated by irradiating a solid anode, commonly made of Al or
Mg, with a high energy electron beam, generating X-rays termed Mg K, (1253.6 eV) or Al
K. (1486.6 eV). When these X-rays interact with the sample, the penetration depth in the

solid is on the order of 1-10 um and the sampling depth is in the 10 nm range.

The interaction between x-ray photons and the surface atoms is illustrated in Fig.
2.17b. The x-ray photons are absorbed by the material atoms. An energetic photoelectron is

ejected from the core shells of the surface atom to the vacuum state. The kinetic energy of
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the ejected photoelectron can be defined from the Einstein photoelectric effect equation
(2.4):

BE = hU _KE - q)XPS (2 4)

where KE is the kinetic energy of the emitted electron, hv is the energy of the incident
photons, BE is the binding energy and ®ypsis the spectrometer work function. The
photoelectrons energy is expressed in binding energy and allows to determine the atomic
nature. In XPS, the drift in the elemental binding energy is referred to as the chemical shift,

and is used to identify the chemical environment in the absence of charging effect.

In practice, the kinetic energy of the emitted photoelectron is recorded by an electron
energy analyzer. Knowing the binding energies of each element at the surface, the elemental

composition and the chemical state of the surface can be determined and quantified®.
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Figure 2.17 (a) X-ray photoelectron spectroscopy instrumentation [46] and (b) illustration of

photoemission process (extracted from ref [47])

A sample surface analysis relies first on an XPS survey, wherein the energy spectra
of all detected photoelectron signals is collected. From the intensity of the peaks, the
quantity of each type of atom in the surface layer is extracted. In order to identify the

chemical environment of the element, a high energy resolution spectra showing the

® Further details about this technique can be found in ref 45.
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photoelectron peak of interest is fitted and reconstructed with a Gaussian-Lorentzian

convoluted functions representative of each environment.

In addition, XPS can determine the atomic composition in a multi-layer stack by
depth profiling. In this case, Ar ions bombard the surface to sputter the layers during

sequential measurement. After each sputtering sequence, the surface is analyzed by XPS.

In this work, XPS measurements were carried out at Institut Lavoisier, Versailles, on
a ThermoFisher Scientific NEXSA spectrometer equipped with a monochromatic Al-Ka
anode (1486.6 eV) and a dual flood gun (low energy electron and ion) for AIOx and SiOxNy
surface chemical analyses. Despite the use of charge compensation, a differential charging
effect could not be avoided. Consequently, spectra are presented without any specific energy
scale recalibration and, therefore, are interpreted comparatively. High-energy-resolution
spectral windows of interest were recorded with a 400 um spot size. Photoelectron detection
was performed using a constant analyzer energy (CAE) mode (20 eV pass energy) and a 0.1

eV energy step.

For XPS depth profiling, a ThermoFisher Scientific MAGCIS dual-beam ion gun has
been used where argon ions (Ar+) were accelerated to reach the sample with a kinetic energy
of 2000 eV and at an angle of 30° from the surface normal. The thin films were irradiated
over an area of 2 x 2 mm?. Quantification was performed based on the Al2p, Si2p, C1s, N1s,
Ols, and F1s photopeak areas after a Shirley-type background subtraction using the
ThermoFisher Scientific Avantage© software and its “ALTHERMOI1” library as the

sensitivity factor collection.

2.3.5 Contact angle measurement

The contact angle is defined as the angle between the liquid-vapor interface and a
solid surface at their intersection [48]. The measurement of this angle is of particular
importance as it indicates the wettability of the solid (hydrophilic or hydrophobic) and can
provide the value of surface energy. The surface free energy of a solid in mJ/m? and surface

tension of a liquid in mN/m are the applied forces to the system to reduce its energy and
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increase entropy. A high surface energy produces non-wetting of the liquid on the solid
surface, while a low surface energy allows the spreading of the liquid on the solid surface
(wetting the surface) [56]. Regarding the wettability, it is quite easy to determine: if the
contact angle between water and the solid surface is smaller than 90° then the surface is
hydrophilic, whereas if the water contact angle is greater than 90° then the surface is
hydrophobic. However, determining surface energy is not as simple, and requires some

calculation based on Young’s equation [49], as shown in Fig. 2.18.

Liquid droplet N

Osl,
Solid surface

Figure 2.18 Definition of angles and vectors of interest for contact angle measurement

This figure shows the relationship between surface energies, tension, and the contact angle,

as:

05 = 0g, + 0, cos @ (2.5)

where oy is the surface energy of the solid, ag;, is the interfacial tension between the liquid

and the solid, o, is the surface tension of the liquid and 8 is the contact angle.

There are four main theories for surface energy calculation: Zisman [50],
Owens/Wendt [51], Fowkes [52] and Van Oss [53] (each theory is described in ref 54).
During my PhD, an Attension® Theta Optical Tensiometer (part of the Platine platform at
the Ecole Polytechnique) was used to record contact angles. The collected values are
analyzed using the OneAttension software, which allows one to calculate the surface free
energies. We chose the Owens/Wendt theory for the calculation, as it is simple and is the
most common method for inorganic and metal surfaces. It is based on defining ag; as by

Good’s equation [55]:

Og;, = Oy + gy, — Z(O-LDO-SD)l/Z - Z(O-ZII’GSF):I/Z (26)
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Where o and o2 are the dispersive component of the surface tension of the liquid and the
surface energy of the solid, respectively. af and of are the polar component of the liquid

surface tension and the solid surface energy, respectively.

By combining the two equations, one can extract the values of 62 and £ assuming that the

surface tension of the liquid is known and can be found in the literature:

(o)
(05)1/2

o(cos6+1) 12
Z(O-LD)I/Z - (O—S)

+ (aP)1/2 (2.7)

in the formofy =mx + b

Consequently, the methodology for measuring the surface energies of AlOx and
SiOxNy areas is as follows: (i) measure the contact angle of four solvents: water, ethylene
glycol and n-hexane with the surfaces. (ii) input their values into the Attension© program
that automatically calculate the surface free energy using liquid surface tensions listed in
table 2.1 and Owens method. It is necessary that at least one of the three liquids be non-polar
(having a? = 0). In most applications, dilodomethane is known to be the best, but we chose

n-hexane as the non-polar liquid instead, as it was readily available in the lab.

Liquids Surface tension Dispersive Polar component
(mN/m) component (mN/m) (mN/m)
Water 72.8 26.4 46.4
n-hexane 18.4 18.4 0
Ethylene Glycol 47.7 26.4 21.3

Table 2.1 Surface tensions, decomposed into their dispersive and polar components, of three

liquids used for the calculation of AlIOx and SiOxNy surface energies (from ref. 54).
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3  Area Selective Deposition process

In this chapter, the Area Selective Deposition of pc-Si:H using a plasma-based
deposition technique will be addressed. The first section covers the experimental parameters
and conditions of an Ar/SiF4/H>, PECVD process used to achieve selective deposition on
SiOxNy areas while preventing any deposition on adjacent AlOx areas. These are referred as
AS-PECVD conditions. These results have been published in our article in Applied Surface

Science (reference [1])

For certain reasons, previously determined AS-PECVD conditions may result in
silicon deposition on the non-growth area, (AlOx in our case), leading to a loss of selectivity.
Those non-selective events will be detailed in the second part of this chapter, as they may
help to understand the reason behind selectivity and the loss of it.

In the third part of this chapter, we will discuss the results of our AS-PECVD process
on several other materials, including metals, in order to check their potential for selective
deposition.

3.1 Optimal plasma parameters

Microcrystalline silicon deposition using a fluorine-based plasma chemistry requires
special caution, especially in terms of F concentration, to avoid etching. As was mentioned
previously in the introduction (section 1.3), the H> flow rate has to be above a certain value
(strongly dependent on each set of experimental conditions) to promote growth. In addition,
the H concentration has to be in excess to that of fluorine, so that the deposition of silicon is
microcrystalline in nature.

The appropriate PECVD conditions have been determined for two custom-built
Radio-Frequency PECVD (RF-PECVD) reactors in the LPICM laboratory, namely ARCAM
and ATOS!. AS-PECVD conditions are slightly different between these two reactors and are

1 Described in section 2.2.1
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discussed in the following sections. The selectivity of the process was checked mainly by

spectroscopic ellipsometry (ex-situ for ARCAM and in-situ for ATOS) and SEM.

3.1.1 Area Selective plasma conditions in ARCAM PECVD reactor

The ARCAM reactor was used first to help identify the process parameters most
suitable to achieve selectivity. The main advantage of this reactor is in its design, wherein
one can load four groups of five samples (each of 1x1 inch) at a time to test many process
conditions, and it can then be cleaned easily by sandblasting its stainless steel parts once the
thickness of deposition on the walls leads to delamination. However, the ARCAM does not

have in-situ diagnostics, nor a load lock.

Based on previous studies in the lab, the ARCAM chamber walls were coated with
amorphous silicon in SiHs/H> plasma prior to Ar/SiFs4/H2 plasma ignition to avoid
contamination. After several trials, we found plasma parameters resulting in selective pc-Si
deposition on a SiOxNy area without deposition on AlOx. These parameters are summarized
in Table 3.1, as determined for patterned samples (Configuration 1) on a c-Si substrate. The
electrode temperatures (and that of the entire reactor) were set at 175°C for all runs, to limit

the creation of powders in the chamber, and the deposition time was varied between 4 and 8

minutes.
Electrode Ar gas H:2 gas SiFsgas | Pressure | Power | Time
temperature flow flow flow
175°C 100 sccm 9sccm 7 sccm 2 Torr 10 W 4-8
mins

Table 3.1 Baseline area selective PECVD conditions in ARCAM reactor
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3.1.2 Ex-situ ellipsometry and SEM of selective silicon deposition

Selective pc-Si:H deposition was first confirmed by ex-situ ellipsometry and then by
scanning electron microscopy. Spectroscopic ellipsometry (SE) studies rely on comparing
experimentally recorded ellipsometric parameters, such as Is and Ic (Is = sin 2 ¥ sin A and ¢
= sin 2¥ cos A), with those theoretically predicted from the optical model, both before and
after plasma deposition for both SiOxNy and AlOx areas. The upper left part of Fig. 3.1
displays a photo of the patterned substrate after 4 minutes of plasma process under the
conditions presented in table 3.1. Already, from visual observation, one can notice a change
in the color on the patterned features (blue) compared to that before the deposition (violet).
This fact led us to do SE measurements on three different zones of the substrate (referred to
as a, b and c) to check whether the color change was due to a deposition, an etching, or some
other optical artefact. A clear change in the spectra is observed only for the SiOxNy area (Fig
3.1aand 3.1c), while the spectrum for the AIOx area (Fig 3.1b) remains unchanged, as closed
and open symbols indicate the spectra acquired before and after the process, respectively.
This indicates that the plasma did not significantly modify the structure of AlOy, and that no
etching occurred. Furthermore, in Fig. 3.1a and 3.1c, the shift of the interference peaks
towards lower photon energy (indicating increase in optical thickness) clearly indicates that
a deposition process has occurred on top of the SiOxNy area?.

In order to quantify the change in the spectra observed for the SiOxNy areas, the SE spectra
were modelled. The post-deposition model used, unchanged, the model of the substrate stack
before any plasma exposure (a crystalline silicon substrate with a 50 nm layer of AlOx and
a 200 nm layer of SiOxNy). The material deposited on top of the stack was modelled with a

Tauc-Lorentz dispersion function where the dielectric function ¢ is given by (3.1) [2]:

E =& + l &y (31)
1 AEC(E—-E,)*
S E>E,
& =3E (E> —E}" + C*F?
0 E<E

2 Displaying SE data in this way allows one to unambiguously observe etching/deposition, without
any modelling
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where &; and ¢, are the real and imaginary parts of the dielectric function of the material,
respectively, E, is the optical band gap, E is the photon energy, E, is the peak transition
energy, A and C are fitting parameters, and P is the Cauchy principal part of the integral.

This generic dispersion curve is usually reserved for amorphous films at greater thicknesses,

but can also be used for microcrystalline silicon when the layers are very thin [2, 3].
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Figure 3.1 Photo of the patterned SiOxNy /AlO, sample after 4 minutes of AS-PECVD (upper left).

Comparison of ellipsometric spectra for zones a, b and c indicated in the photo before (solid line)
and after (dashed line) AS-PECVD process. Zones a and ¢ are SiOxNy and zone b is AlOy

67



Area Selective Deposition Process

(a) Exp Fit (b)
1.0 . —— — e e
® — |F1.0
081 0.8
064 ' —
o Lo6 Silicon Layer |12 nm
] 0.4
0.2 02 SiO,N, 200 nm
0.0 o
@ loo ©
0.2
os] 7-2,2 0 50 nm
06] "0'5
08 7_0'8
1.0 : |

1.0 1.‘5 2!0 2.‘5 3!0 3.‘5 40 45
Photon Energy (eV)

22
215}{c)
2.1
2.05
2
1.95 1
1.9
1.85
18
n1.75 k
17
1.65
16
1.55
15
1.45
14
1.35

1 2 3 4 5 6
Photon Energy (eV)

Figure 3.2 (a) Experimental ellipsometric spectra for a silicon layer deposited on top of SiOxNy
zone a represented by Blue and Red circles. Solid lines show the fitting spectra from the optical
model of the substrate schematically presented on (b). (c) The optical constants (n and k) of the

silicon layer given by the model

A schematic presentation of the model for a zone a is given in Fig. 3.2, where the
AlOx and SiOxNy thicknesses are fixed, while the optical constants of the silicon layer as
well as the thickness are fitted. The deposited layer has a thickness of 15 nm in zone a and
12 nm in the zone c, and furthermore appears to be of rather low density, as indicated by the
low refractive index of the material provided by the model.
To directly observe the nature of the growth that is occurring on the SiOxNy, SEM images
of the SiOxNy and AlOy areas of the patterned substrate were acquired and are presented in
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Fig. 3.3. The SiOxNy area is completely covered with densely packed grains of about 60 nm
in diameter. However, on the AlOy area, there is a negligible amount of nuclei, particularly
in comparison with the SiOxNy area. The importance of the few nuclei observed is not clear;
no special care was taken to keep the substrate ultra-clean (no clean room in LPICM), so
these may simply be the consequence of dust particles or other surface contamination. The
morphology of the growth on the SiOxNy area, with a high roughness and small dense grains,

is consistent with pc-Si:H growth.

Figure 3.3 Top view SEM images of (a) AlOx and (b) SiOxNy area. Only a few sparse features are
observable on the AlOy area, while many small grains cover the SiOxNy area. The presence of these
grains is related to the microcrystalline nature of the deposited film.

The same study was carried out on patterned substrates after 8 minutes of plasma
process (see table 3.1). One can recognize from the photo in Fig. 3.4 that a loss of selectivity
has occurred at the edges (deposition on both types of surface area) and that the pc-Si
deposition is quite different between two SiOxNy pattern feature areas on the same sample.
This can be also seen in Fig. 3.4a and 3.4c, where the shift in the spectra before and after
deposition is much greater on zone a compared to zone c. While zone a and zone c are both
SiOxNy initially, it seems that the resulting Si film is thicker on zone a. Acknowledging these
differences, one notes that a shift in the SE spectra is only observed on SiOxNy areas, but not
at all on the AlOy area (similar to what was observed for the 4 minute results).

In the case of 8 minutes of deposition, particularly in zone a, the deposited silicon
layer is denser than after 4 minutes of process, and is now 44 nm thick.
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Figure 3.4 Photo of patterned SiOxNy /AlO, sample after 8 minutes of area selective PECVD
process (upper left). Comparison of elliposmetric spectra for zone a, b and ¢ before (solid line) and
after (dashed line) AS-PECVD process. Zone a and ¢ are SiOxNy and zone b is AlOx

Scanning Electron Microscopy (SEM) images of the AlIOx/ SiOxNy patterned sample
(Fig. 3.5), confirms a selective silicon deposition, where only some nuclei are found on AlOx
areas. However, under these growth conditions, one can also observe that on the SiOxNy

area, the density of grains (resulting from pic-Si deposition) decreases gradually when getting
closer to the AlOy area.
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Figure 3.5 SEM images of AlO,/ SiOxNy patterned sample after 8 min AS-PECVD process in

ARCAM for five different areas. Grain density decreases when approaching the AlOy area

The measurements presented above unequivocally identify the potential of an
Ar/SiF4/H2 PECVD process to provide Area Selective Deposition. The process conditions
outlined in the ARCAM reactor require further refinement to enhance the uniformity of the
deposition. To do so, we chose to use another RF-PECVD reactor, ATOS, which has a load
lock and is equipped with a fast spectroscopic ellipsometer (RC2 from J.Woollam company),
capable of measuring full spectrum (0.5 eV-6.0 eV) in one second. This was necessary to
build a complete picture of the AS-PECVD process.

3.1.3 Area selective PECVD conditions in ATOS

For the ATOS reactor, the first set of experiments was done on non-patterned
substrates, or those using Configuration 23. No pre-coating of the walls was needed to obtain
deposition, but selectivity was lost (i.e. deposition occurs on both areas) for any AS-PECVD
process done after a process containing any trace of SiH4 gas. This is contrary to what was

3 See section 2
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obtained when developing the AS-PECVD process in the ARCAM reactor. There are,
however, two main differences between these reactors: the hot walls of ARCAM (that is not
the case for ATOS) and presence of load lock chamber on ATOS. These differences are

likely the cause of this observed behaviour.

Based on the process parameters determined for the ARCAM reactor, table 3.2
summarizes the main experimental parameters that led to selective Si deposition on SiOxNy
only and not on AIOx when using Corning Glass substrates. The temperature of both
electrodes was varied from 100°C to 175°C on Corning Eagle Glass substrates without really
affecting the selectivity. However, upon changing the Corning Glass substrate to a
crystalline silicon (c-Si) wafer, the selectivity for the same PECVD process is lost for
temperatures above 100°C*#, making our AS-PECVD process less flexible. These results are
summarized in table 3.2, where Yes means the deposition occurs only on SiOxNy area,
Yes/No means that Si grew on some spots of the AlOx area and No means that deposition

occurs on both SiOxNy and AlOx areas.

Experiment Number 1 2 3 4
Ar gas flow (sccm) 200 200 200 200
H2 gas flow (sccm) 20 20 20 20
SiF4 gas flow (sccm) 14 14 14 14
Pressure (Torr) 1.7 1.7 1.7 1.7
Power (W) 10 10 10 10
Electrode temperature 100°C 125°C 150°C 175°C
Selectivity on c-Si substrate Yes Yes/INo  Yes/No No
Selectivity on Corning Glass Yes Yes Yes Yes
substrate

Table 3.2 Area selective process conditions used in ATOS-PECVD for Corning Glass substrate

4 This case is discussed in section 3.2.2

72



Area Selective Deposition Process

Consequently, the optimized area selective deposition conditions henceforth used in
the ATOS-PECVD reactor are the experiment conditions labelled number 1 in Table 3.2,
unless otherwise indicated.

Photos of the substrate after AS-PECVD process number 4 for both Corning Glass
and c-Si substrates are shown in Fig. 3.6. Microcrystalline silicon is only deposited on
SiOxNy in case of Corning glass (CG) (AlOx did not change color and remains transparent
even after the plasma process) whereas on c-Si it grows both on SiOxNy and AlOx (AlOx
becomes white instead of black).

5cm 5cm

Figure 3.6 Photo of AlO./ SiOxNy in Configuration 1 on (a) Corning Glass substrate and on (b) c-
Si substrate for 200/14/20 sccm of Ar/SiF4/H: gas flow rates, respectively, pressure of 1.7 Torr, 10

W power and electrode temperature of 175°C

In subsequent studies (and in almost all my PhD experimental work), c-Si substrates
were chosen as they are easier to model in the ellipsometry analyses, and they reduce

charging effects for TEM, SEM and XPS measurements.

a)  Monitoring deposition by in-situ ellipsometry

During the AS-PECVD process using the experimental parameters given in table 3.3
with an electrode temperature of 100°C (since we are using c-Si substrates), deposition was
monitored by in-situ ellipsometry. Ellipsometric spectra were acquired every second and
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were fitted using the COMPLETE_EASE software in the manner explained in section 2.2.3.
The underlying substrate layers were first measured and modeled prior to plasma ignition.
The model comprises a silicon substrate (taken from R.C. Herzinger et al. ref. 4), an AlOx
layer (of a thickness approximately 55 nm®) as well as a SiOxNy layer (of a thickness
approximately 70 nm), which were modeled by classical dispersion model. The values
determined for layer optical constants and thicknesses for the substrate layers were not
allowed to vary when fitting the subsequent data during growth. As in the previous ex-situ
study, the deposited silicon layer was modeled using a Tauc—Lorentz (TL) dispersion
function, but in this case, a surface roughness was added to the model, represented by a
mixture of 50% of pc-Si with 50% of void using the Bruggeman effective medium
approximation. The role of the roughness layer in improving the reliability of the model
compared with the experimental data has been pointed out in previous studies [5, 6] and it
was significant for our model as well. The TL optical constants that were obtained in the fit
with the thickest layer (inset of Fig. 3.7) at the end of the deposition, are shown in terms of
nandk in Fig. 3.7.
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Figure 3.7 Optical constants (n and k) of the silicon layer deposited locally on SiOxNyarea. In the

inset, the Tauc Lorentz fitted parameters based on formula (3.1)

® The thickness slightly changes from sample to another.
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Figure 3.8 Evolution of silicon layer thickness and surface roughness with time measured by in-

situ ellipsometry and modeled on CompleteEASE software on SiOxNy and AlOy surfaces.

For the same AS-PECVD conditions, the in-situ ellipsometric spectra of both SiOxNy and
AlOy surfaces were measured in separate runs (with the final spectra confirmed ex situ). Fig.
3.8 shows the thicknesses of the deposited silicon along with its corresponding roughness
versus time for both areas. A 55 nm thick silicon film grows only on the SiOxNy layer, while
no deposition occurs on the AlOy, despite the fact that both areas have seen the same plasma
and were under the same experimental conditions. In addition, one can note a deposition
delay of two minutes after starting the plasma. This effect is known as nucleation delay, and
it is a critical parameter in one of the approaches to achieve AS-ALD [7]. In our case, the
nucleation delay is of 2 minutes for SiOxNy while for AlOy it is far longer (more than one

hour).

The optical constants of the silicon layer (Fig. 3.7) as well as the dynamics of the
roughness evolution were consistent with the growth of microcrystalline silicon on SiOxNy.
The values of n and k are closer to small grain polycrystalline silicon than to amorphous
silicon (using values from reference [8]). Furthermore, the same roughness dynamics of the
pc-Si layer growth was seen by Fujiwara et al [9, 10]. In their studies, pc-Si deposition on

silicon oxide from SiH4/H> plasma was also characterized by in-situ spectroscopic
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ellipsometry. It was found that the nucleation starts immediately on the substrate which leads
to the rapid increase of the roughness. When the nuclei collide, roughness decreases and a

continuous layer results.

In order to verify the microcrystalline nature of the selectively deposited silicon layer

on SiOxNy, AFM, XRD and TEM were performed after plasma deposition process.

b) Ex-situ characterization of the deposited silicon layer (on
SiOxNy area)

Atomic force microscopy (AFM) was performed on two non-patterned samples at
two different stages of the growth (in the beginning and in the end of the growth) to see if
the morphology of the surfaces is typical of that of microcrystalline Si. The Root Mean
Square (RMS) roughnesses were calculated on 2 x 2 pm? SiOxNy area after 2 minutes growth
(Fig. 3.9a) and after 20 minutes growth (Fig. 3.9b) using the AS-PECVD process. The low
value of RMS even after two minutes of plasma exposure is in good agreement with the
roughness value calculated from the ellipsometric model (Fig. 3.8) where the roughness
values increased only after approximately 2 minutes. After 20 minutes of plasma deposition,
the RMS value is 2.1 nm while the roughness from the SE data is around 5.2 nm. This
difference in values can be attributed to the distinct definitions of the surface roughness for
both techniques. For AFM, the RMS roughness is half of the peak-to-valley height of a
"bump™ on the surface [11], whilst the “effective” roughness in the COMPLETEEASE
software is a 50/50 mix of the top layer material with voids [12]. For example, a similar
RMS roughness for two surfaces but with different profile shapes, can yield different SE
roughness as the shape of profile is important in SE characterisation [13]. In addition, the
measured surface area is much bigger for SE compared to AFM, which also can somehow

affect the extracted information due to small sampling effects.

Despite these discrepancies, one can consider that roughness values from AFM and
ellipsometry are relatively close, and that the SE model is still a good representation of the

sample.
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(a) 2 minutes (b) 20 minutes
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Figure 3.9 Atomic Force Microscope images in 3D representation of SiOxNy areas after (a) 2
minutes and (b) 20 minutes of AS-PECVD process.

Subsequently, the structure of the selectively deposited Si layer was examined by
Transmission Electron Microscopy (TEM). In Fig. 3.10 a and b, high resolution TEM (HR-
TEM) images of the cross-sectional lamella of two SiOxNy areas are presented: one after 8
minutes and another after 20 minutes of Ar/SiF4/H2 plasma exposure time in the ATOS
reactor. The images clearly show the multi-layer stack on a Corning Glass substrate (Fig.
3.10a) and on a c-Si substrate (Fig. 3.10b). The silicon thin film grown on top of the SiOxNy
area after 8 minutes of AS-PECVD process is amorphous (Fig 3.10a). However, the silicon
layer deposited selectively on top of the SiOxNy area after 20 minutes of plasma (Fig. 3.10b)
has different appearance compared to that of the Si layer in figure 3.10a. A closer analysis
by Fast Fourier Transform (FFT) brings into evidence its microcrystalline structure (as was

expected from SE, AFM and SEM analyses) with crystallite dimensions of few nanometers.

The TEM image in Fig. 3.10a is in contradiction with the ellipsometry data and the
SEM measurements on the same sample. The in-situ ellipsometry fitting indicated that the
layer deposited selectively on top of SiOxNy area after 8 minutes of AS-PECVD process is
of microcrystalline nature. Furthermore, the SEM image on top of the same sample showed
a surface consisting of small grains (similar to Fig. 3.3b) also indicating a pic-Si layer. To
resolve this contradiction, Grazing Incidence X-Ray Diffraction (GIXRD) with a Cu-Kal x-
ray source was performed in order to confirm if the selectively deposited silicon layer on top

of SiOxNy area is of amorphous or microcrystalline nature.
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Figure 3.10 High Resolution bright field TEM images of SiO«Ny area after (a) 8 minutes and (b)
20 minutes of AS-PECVD. The silicon layer deposited on top of the SiOxNy area is amorphous in
(a) but microcrystalline in (b).

Measurements were carried out on a high resolution diffractometer (Bruker D8
Discover in DIFFRAX platform at the Ecole Polytechnique) using different angles of
incidence. The analyzed area was 20x20 mm?: Fig. 3.11 presents the GIXRD of SiOxNy area
after 8 minutes of Ar/SiF4/H, plasma exposure recorded at a grazing angle of 0.4°. Under
this condition, four peaks can be extracted from the spectrum, centered at 26 = 21.6°, 28.4°,
47.3° and 56°. They correspond to silicon nitride (the first peak) and silicon (for the other
three) [14, 15]. The broad peak at 21.6° results from the amorphous SiOxNy material. The
remaining three sharp peaks indicate the presence of nano-crystallites in the film (FWMH

around 1°).

Nevertheless, GIXRD analysis cannot rule out the possibility of having a mixture of
amorphous silicon and Si nanocrystallites in the same surface because even a small amount
of Si crystallites (compared to amorphous silicon) would give a sharp peak at 28.4°. Not to
mention that the measurements are local (in a specific location on the substrate) and the spot
is likely to be on an area mostly composed of crystallites. Consequently, we believe that
after 8 minutes of plasma exposure, the layer consists of nanocrystals which can be easily
amorphized by the TEM electron beam or during FIB preparation. To conserve the
crystallinity of the layer under high energy electrons, a thicker layer was found to be a

solution, as demonstrated in fig 3.10 b, where the pc-Si layer was not impacted by the

78



Area Selective Deposition Process

electron beam, and remains stable. Therefore, the process time was extended to 20 minutes

for subsequent experiments.
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Image 3.11 X-ray diffraction pattern of SiOxNy area after 8 minutes AS-PECVD on Corning Glass

substrate. The detected peaks correspond to amorphous silicon nitride (broad peak) and crystallites

of silicon (sharp peaks)

3.2 Losing selectivity

During the multiple trials to determine the optimal ASD parameters (represented in

table 3.2 as "Experimental Conditions # 1"), selectivity was found to be sensitive to some

plasma parameters. A small change in these parameters will result in a deposition on the

non-growth AlOy area, thus losing selectivity. In the next section we will focus specifically

on Ar/SiFa/H: gas flow rates, plasma power and temperatures of both electrodes.
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3.2.1 Effect of H2 gas flow rate

In this study, the concentration of hydrogen in the Ar/SiF4/Hz plasma chemistry is
varied to check the sensitivity of the selective deposition process to this parameter. For this
purpose, we only changed the H> gas flow (16, 18, 20 and 22 sccm) while keeping the rest
of the AS-PECVD parameters unchanged (table 3.3). The samples were prepared in
Configuration 1 and on Corning Glass substrates. One can notice from table 3.3 that a small
variation in the H> flow rate affects the selectivity, and that process 3 represents the optimal
selective plasma deposition conditions (corresponding to experimental conditions #1 in table
3.2).

Experiment Number 1 2 3 4
Ar gas flow (sccm) 200 200 200 200
H: gas flow (sccm) 16 18 20 22
SiF4 gas flow (sccm) 14 14 14 14
Pressure (Torr) 1.7 1.7 1.7 1.7
Power (W) 10 10 10 10
Electrode temperature 175°C 175°C 175°C 175°C
Selectivity No No Yes No

Table 3.3 Influence of H> flow rate on AS-PECVD process when using Corning Glass substrates.
In the selectivity row, Yes refers to the case where there is deposition only on SiOxNy area and No

indicates the case where deposition occurs on both SiOxNy and AlOy areas.

The same study was also done for substrates prepared in Configuration 1 but on c-Si
substrates, and for electrode temperature of 100°C. Similarly, the selectivity was lost for 16,
18 and 22 sccm of Ha flow rates for constant power (10 W), pressure (1.7 Torr), electrode
temperature (100°C) and Ar and SiF4 gas flow rates 200 sccm and 14 sccm respectively.

Comparing our process with previously published data on Ar/SiFis/H, PECVD,
selectivity in our case is determined much in the same way as the phase transition from a-Si

to pc-Si, which is strongly dependent on the concentration of hydrogen (Fig. 1.2). This

80



Area Selective Deposition Process

means that the concentration of Hz in the gas phase is playing another important role in the
AS-PECVD process. It does not just scavenge the fluorine atoms resulting from the
dissociation of SiFs, but also determines whether there will be deposition on the AlOx area
or not. If Hz is in great excess to F atoms, one will obtain pc-Si deposition on every type of
surface (which means everywhere). Therefore, it appears that a small quantity of F (that does
not react with H to form HF) is still needed to react with the surfaces and favor the selective

deposition of pc-Si on SiOxNy area vs AlOy area.

3.2.2 Effect of plasma power and electrode temperature

Plasma power and electrode temperature were varied to check their effect on the
selectivity of the deposition process. For this study, c-Si substrates coated with ~ 50 nm of
AlOy were used, and the Ar, SiFsand Hz gases flow rates and pressure are kept constant at
200/14/20 sccm and 1.7 Torr, respectively. Two set of experiments were done: (1) the
temperature was kept constant at 100°C and the plasma power was changed to 5, 8, 10 and
15 Watts; and (2) the plasma power was set to 10 W, and the electrode temperature was
changed from 100°C to 125°C, 150°C and 175°C. The results can be split in terms of

electrode temperature as follows:

e At 100°C: selective deposition of pc-Si on SiOxNy area was obtained for 5, 8 and 10 W
plasma powers with no deposition on AlOx area, while a power of 15 W causes the
growth of a uc-Si film on both surfaces.

e At 125°C and 150°C, a plasma power of 10 W resulted in unpredictable selectivity,
which depends on factors such as wall conditions and substrate storage time before
processing.

e At 175°C and for a plasma power of 10 W, pc-Si was grown everywhere on the sample,

irrespective of the nature of the surface or chamber history.

Relative to the optimized ASD plasma conditions summarized in table 3.2, we found that

many parameters could interfere with the selectivity, namely the H. concentration in the gas
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mixture, plasma power and electrode temperature. We now examine two specific cases
where the selectivity is lost.

Fig. 3.12 presents the evolution of the pc-Si thickness on c-Si coated AlOx with time
for two non-selective deposition process cases: one with a power of 15 W and electrode
temperatures of 100° C, and the second is with a power of 10 W and electrode temperatures
of 175 °C. These data have been obtained using in-situ ellipsometry and the modelling

protocol described in the previous chapter.
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Figure 3.12 Microcrystalline silicon (uc-Si:H) film thickness and roughness evolution with time
when depositing on aluminum oxide (AlOx) using an increased power of 15 W (green) or an

increased temperature of electrodes of 175°C (pink).

It is clear that deposition on the AlOy area displayed in Fig. 3.12 (as modelled by in-
situ ellipsometry) evolves very differently from that on SiOxNyas was shown in Fig. 3.8; the
roughness and thickness display very distinct, abrupt changes and non-monotonicity,
respectively. The plot of Si thickness with time has an inflection point at the moment when
the roughness drops dramatically. This could represent a real phenomenon, such as a
difference in deposition mode, where the layer in the beginning is amorphous and then
becomes crystalline with a smaller roughness. Alternatively, if the composition of the layer

is a mixture of crystallites and void and does not include an amorphous phase, the abrupt
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change could correspond to the direct decrease of void fraction in the phase where the layer
become denser after coalescence of large crystallites (as studied by S. Kassouit et al. in

reference 16). However, this could also represent a modeling artefact.

Summarizing these results, in order to get good selectivity (preventing any deposition
on AIOy areas while enabling it on SiOxNy areas), it is important to choose RF power and
electrode temperature conditions that are in the process window represented by the dark
green area (selective area) in Fig. 3.13. In this same figure, the pink area regroups the non-

selective cases and in between both, selectivity becomes unpredictable.
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Figure 3.13 Process window providing selective deposition in terms of radio frequency power and
temperature of the electrodes with Ar/SiF./H: flow rates equal 200/14/20 sccm respectively and the

pressure of 1.7 Torr (for c-Si substrates)

3.2.3 Surface contamination

The area selective PECVD parameters summarized in table 3.2 occasionally result
in unexpected deposition on AlOx areas, for reasons beyond the effect of the plasma
processing parameters. In this section, we document these selectivity-failed examples to

allow future work to avoid these problems.
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Typically, such kinds of unwanted events occur because of external contamination.
This can take place either (i) from a long storage of the sample in the ambient environment,
or (ii) after a sudden shut down of the system due to an unscheduled power cuts while
samples are inside the plasma chamber. One example of AlOx surface contamination was
observed in cross section TEM images in the form of an interlayer between AlOx and pc-Si
(see Fig. 3.14 a). We were not able to determine the reason with certainty. Based on the EDX
chemical analysis, traces of oxygen and fluorine were detected in the interlayer (Fig. 3.14b
and 3.14c). However, the interlayer was extremely sensitive to the electron beam and was
easily removed when moving to the scanning TEM (STEM) mode which uses higher

electron energy.

Figure 3.14 (a) Cross sectional High Resolution TEM (HR-TEM) image of a contaminated AlOy

surface (represented by the interlayer) allowing the growth of pc-Si layer along with its

corresponding STEM-EDX chemical mapping (b and c)

For these reasons, the habit was adopted to only use "fresh” substrates, and if ever a
sudden power shutdown occurred, to perform multiple "dummy" runs until selectivity was
again observed for optimized AS-PECVD conditions. It should also be noted that an
unwanted Si layer deposited on an AlOy area (due to surface contamination) adheres very
weakly to the surface, and can be peeled off easily by acetone rinsing (in an ultra-sound
bath). However, when the deposition of Si on AlOx occurred due to increasing electrode
temperature or power or when changing Hz gas concentration, the layer was not removed by

acetone rinsing.
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3.3 Selective process for other materials

So far, selective pc-Si deposition on SiOxNy versus AlOx in a specific Ar/SiFa/H:
plasma process (AS-PECVD) has been discussed. To help understand the reason behind this
selectivity, the same AS-PECVD base process has been tried on numerous other materials
(mostly metals). Nickel (Ni), copper (Cu), chromium (Cr) and aluminum (Al) were
deposited using a Boc Edwards A306 thermal evaporator ®. Silver (Ag) and aluminum’ were

sputtered using Alliance Concept DP650 Magnetron Sputtering System.

The Al, Ni and Cr surfaces were prepared by depositing a 50 nm layer of metal
directly on the silicon substrate. Before evaporating Cu, the native oxide on the c-Si substrate
was removed by 5 percent HF solution. This cleaning step improves the adhesion of the Cu
layer to the substrate and prevents delamination due to the temperature of the electrode in
the PECVD system during the selective deposition process®. SiO, was deposited in the ECR-
PECVD reactor VENUS at 2 mTorr pressure using SiHs and Oz gases and microwave power
1 kW.

In-situ ellipsometry was used to check the selectivity on each of metal surfaces.
Firstly, the evolution of silicon thickness on top of evaporated Al and Cu surfaces is
presented in Fig. 3.15. The model used was built in Complete EASE software and metal
layers represented by materials data from the library [17]. It was obvious that both metals
act differently when exposed to the same plasma process conditions. As occurs with AlOx
surfaces, puc-Si does not grow on top of the Al surface, while on Cu, it grows in a way similar
to the growth on SiOxNy surface. In addition, on the Cu surface, there is a longer nucleation
delay compared to SiOxNy areas. From the analysis of SE experimental data and modelling,

the growth of silicon layer starts after 4 minutes of plasma while on SiOxNy area Si starts to

® For more details about thermal evaporation and sputtering techniques, see appendix

" Aluminum was prepared for two different techniques: sputtering and evaporation

Note: We tried to deposit Indium (In) film by evaporation but it peeled off after loading the sample
into the PECVD system, even after HF cleaning of the c-Si piece. We also tried to evaporate Pt but
we couldn’t evaporate more than a couple of nm before the crucible cracked. This is due to the fact
that liquid Pt reacts with W at the temperature required to evaporate platinum, which is around
2100°C, which is close to maximal for resistive heating in W boats. [21]
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grow after 2 minutes of plasma (see Fig. 3.8). Similarly, there was no detected silicon layer
on top of Al sputtered surfaces after 20 minutes of AS-PECVD.
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Figure 3.15 Silicon film thickness evolution (from SE) with time while depositing on aluminum
(Al) and copper (Cu) using area selective PECVD conditions described in table 3.3

Secondly, the change in ellipsometric spectra after 20 mins of AS-PECVD process
for Cr and Ni surfaces has been explored. As indicated in Fig. 3.16, the comparison of SE
before and after deposition shows minor changes after the completion of plasma process. It
is hard to confirm whether the changes are due to a very thin layer on top of Cr and Ni
surfaces or due to modification in the metal layer caused by ion bombardment produced by
the plasma. In order to determine which change is occurring, I tried to add a thin pc-Si layer
on top of the metal layer in the ellipsometric model, having the same optical constant as
obtained when fitting the thickest silicon layer deposited on top of SiOxNy during an ASD
process (Fig. 3.7). However, it did not reduce the MSE value, and thus the most likely
explanation is that ion bombardment induced a modification in the structure of the metal
surface, or alternatively, a reaction has occurred between the metal and silicon, which

prevented correct modeling of the deposition. Nevertheless, no pc-Si deposition occurred.
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Figure 3.16 Comparison of ellipsometric spectra for (a) chromium surface and (b) nickel surface
before (solid line) and after (dashed line) AS-PECVD process represented by ellipsometric angles
A and ¥

Subsequently, selectivity was investigated for silver surfaces before and after 20
minutes of Ar/SiFs/H>, AS-PECVD process. The modification in the surface indicates
deposition on top of Ag surface (Fig. 3.17). However, as it is an extremely rough layer, the
SE data were not exploitable. The “strange” silicon layer on top of Ag can be due to the high
reactivity of silver towards halogens, which is a frequent issue in silver mirror applications
[18, 19].

a) Silver coating before plasma deposition b) Silver coating after plasma deposition

5cm 5cm

Figure 3.17 Photos of silver surface (a) before and (b) after AS-PECVD process

Last but not least, SiO2/AlOx samples were prepared for selective plasma deposition
process. The same Configuration 1° design for SiOxN,/AlOx was used, but replacing the

% See chapter 2 section 2.1
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SiOxNy film by SiO.. Fig. 3.18 presents the evolution of the pc-Si layer with time on both
SiO2 and AIOx areas. The SiO. layer was represented by a classical Lorentz oscillator
dispersion function in the SE model. As expected, no growth was observed on AlOx during
20 minutes of plasma exposure. In contrast, around 52 nm of microcrystalline silicon layer
is deposited on SiO2. This means that SiO, and SiOxNy surfaces act similarly towards
Ar/SiFs/H; plasma, and both materials can be considered as “growth areas” for

microcrystalline silicon thin film.
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Figure 3.18 Silicon layer thickness and surface roughness evolution with time measured by in-situ
ellipsometry on SiO, and AlOy surfaces after 20 minutes of AS-PECVD.

The results after 20 minutes of AS-PECVD process for all previously described

materials are summarized in table 3.4

Materials Silicon deposition
Ni No
Cu Yes (0.33 A/s)
Cr No
Al No
Ag Yes (non-uniform layer)
SiO2 Yes (0.44 Als)

Table 3.4 Results after AS-PECVD process on different materials
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3.4 Summary

In this chapter, we have demonstrated Area Selective PECVD of silicon thin films
on SiOxNy surfaces, while preventing the deposition on an AlOx area, leaving it pristine.
Two radio frequency PECVD reactors (ARCAM and ATOS) were used to perform the
depositions from Ar/SiFs4/H> gas mixture. For both reactors, the selective deposition
conditions were found in the transition phase between depositing amorphous silicon and
microcrystalline silicon. The selectively deposited layer on top of SiOxNy is of

microcrystalline nature.

Varying plasma process conditions around these selective parameters allowed us to
determine a process window (Fig. 3.13) that delineates selectivity breakdown, manifesting
as silicon growth on an AlOy surface. Specifically, deposition occurs on an AlOx surface
when increasing the RF power (from 10 to 15 W) or the temperature of the electrodes (from
100 to 175 °C). Notably, the AS-PECVD process is quite sensitive to surface contamination
as well as to the plasma chamber wall condition. It is important to have a-Si coated walls for
ARCAM reactor (hot walls), and to have no traces of SiH4 in the ATOS chamber (cold walls)
prior to AS-PECVD process. This means that even 1 sccm of SiH4 in the gas mixture or any
prior deposition using this same gas will result in the deposition of pc-Si on AlOy area, so a

loss of selectivity.

Along with SiOxNy and AIOx surfaces, our AS PECVD process also shows
selectivity for other materials. Indeed, microcrystalline silicon thin films can be grown on
copper and silicon oxide surfaces under AS-PECVD conditions, allowing them to be
considered as a “growth area”. Conversely, aluminum, nickel and chromium can be

considered as “non-growth area” as their surfaces prevent the growth of silicon.

The remaining question is as follows: what is occurring on only the AlOx surface that
is preventing Si growth, despite the fact that the plasma deposition technique is well known
for its non-selectivity due to the nature of species fluxes generated by the plasma (ions,

electrons, radicals...). Two possibilities exist for a selectivity between the two surfaces:
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(1) the plasma, very locally (in the immediate vicinity), is different due to some influence
from the surface, such as different secondary electron emission properties or molecular
recombination rates on that particular surface. If this were the case, however, one would
expect a more gradual transition in nucleation rate at the boundary between the two surfaces,

which is not our case [20].

(2) The precursors involved in the process (either SiFx, F or H) react with the two surface
areas in different ways. On AlOy area, it is either Al atoms or O atoms that react with
Ar/SiFs/H, plasma differently than the N, and Si atoms in SiOxNy towards that particular
plasma chemistry. Furthermore, as we obtained deposition on SiO> surface without
deposition on Al, one could eliminate the possibility of O reacting with the plasma

precursors. It is this question that we aim to answer in the next chapter.
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4 Origins of Area Selective PECVD process

In the previous chapter, area selective plasma deposition has been achieved for very
specific experimental conditions. It has been shown that some materials promote the
deposition of microcrystalline silicon thin film (such as silicon oxynitride, copper and silicon
oxide) while others inhibit it (namely aluminum oxide, aluminum, nickel and chromium).
We have yet to determine whether this ASD effect may be due to local differences in the

plasma chemistry or in the surface chemistry.

The present chapter is devoted to the attempt to identify the reason behind our area
selective PECVD process of microcrystalline silicon. For this, Ar/SiF4/H; plasma
characterization and surface chemical analyses were done. A part of this work was published

in a peer-reviewed journal (see reference [1])

We will focus on AlOx and SiOxNy areas present next to each other on the same c-Si
substrate. Based on the results obtained, the mechanism or the model for our selective

process will be suggested.

4.1 Chemical characterization of substrate surfaces

4.1.1 Energy dispersive X-ray (EDX) chemical analysis on SiOxNy and

AlOy areas after plasma deposition process.

Structural and chemical characterizations at high resolution were performed using
the TEM and Scanning TEM High-Angle Annular Dark Field (STEM-HAADF) imaging
modes of two representative samples containing SiOxNy and AlOyx layers after an AS-
PECVD process.

A STEM-HAADF image of the cross sectional lamella containing first only the AlOx
area is presented in Fig. 4.1. As it can be observed, even though the sample was exposed to
the PECVD process using the SiF4 precursor, no trace of any Si layer is observed near the

surface (there is only the protective layer, which is a carbon layer deposited prior to the FIB
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fabrication of the lamella). Another typical finding that can be observed from the STEM-
HAADF EDX mapping involves the presence of fluorine, in very small amount, detected
primarily on the surface of the AlOx layer. It is likely that those F atoms are bonded to Al
atoms because otherwise fluorine is expected to be difficult to detect once the surface is
exposed to the atmosphere for any length of time. However, the bonding configuration of F

can’t be determined using EDX.

Protective layer

AlO,

c-Si

200 nm

Figure 4.1 HAADF image of AlOy area with corresponding STEM-EDX chemical mapping for
three elements of interest F (yellow), Al (pink), and O (green)

For the SiOxNy area, a TEM image of its corresponding cross-sectional lamella
clearly shows the multi-layered stack (Fig. 4.2a). A closer analysis by Fast Fourier
Transform (FFT) of the silicon layer deposited on top of SiOxNy brings into evidence it's
microcrystalline structure (as was expected from SE and GIXRD analysis) with crystallite
dimensions of few nanometers. Moreover, the SiOxNy layer was found to be very sensitive
to the electron beam exposure, especially when working with scanning TEM mode as it is

seen by the “black spots™ in Fig. 4.2b.

From the STEM-HAADF EDX chemical analysis in Fig. 4.3, one can notice that
fluorine is present mostly inside the SiOxNy layer (unlike the AlOx layer, where F was only
present at the surface). This must be the result of the diffusion of F atoms into SiOxNy layer
during the deposition of pc-Si:H (using an SiF4 plasma precursor), as no F is present in the

precursors for SiOxNy growth. In addition, the quantity of F is very low in the pc-Si:H, which
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is normal when using Ar/SiF/H> precursor, as it is effectively scavenged by H. One can also

note the absence of F in the silicon substrate in both cases.

c-Si
50 nm

Figure 4.2 (a) Dark Field scanning and (b) Bright Field TEM images of the SiOxNy area. The inset
on the right edge of the TEM image shows the FFT profile corresponding to the green area

confirming the microcrystalline structure of the top layer

100 nm 100 nm

100 nm 100 nm

Figure 4.3 HAADF image with its corresponding STEM-EDX chemical mapping of SiOxNy area
with the chosen element of interest Si (dark blue), F (yellow), O (green), N (blue), Al (pink)
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The diffusion of F into SiOxNy indicates that this layer could have a columnar
structure. To verify this hypothesis, we deposited an AlOx layer on top of the SiOxNy/AlOx
stack and the HR-TEM image in Fig. 4.4 shows the resulting AIOx/SiOxNy/AlOx stack. This
image confirms the columnar structure of SiOxNy layer as the AlOx material could penetrate

inside the layer (red arrows).

AlO,

50 nm

Figure 4.4 STEM-HAADF image of AlO,/SiOxN,/AlOx showing the columnar structure of SiOxNy

layer. The red arrows show the AlO, material (white) penetrating into SiOxNy (black)

The TEM images allow one to verify the microcrystalline silicon nature of the Si
deposited on top of SiOxNy and to show the columnar structure of this final layer. EDX
shows the presence of fluorine on top of the AlOx layer. However, to understand the reason
behind selectivity, some necessary information about surface chemistry is still missing.
Therefore, XPS chemical analyses were carried out for the same substrate and will be shown

in the next chapter.

4.1.2 X-ray photoelectron spectroscopy (XPS) chemical analysis for
SiOxNy and AIOy areas

The SiOxNy and AlOy surface chemistries resulting from the selective deposition
process with Ar/SiF4/H, plasma (described in chapter 3) have been also investigated using
X-ray Photoelectron Spectroscopy (XPS). In order to preserve the integrity of the chemical
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information and minimize surface contamination, an encapsulation layer consisting of 10
nm of amorphous silicon layer was deposited on top, using a SiH4/H> plasma, immediately
after the AS-PECVD process and in the same plasma reactor (ATOS) (Fig. 4.5).

2.5cm a-Si capping

" layer

l

e ?”/f/’/‘y/’ 7/%// /‘ /? ; ,‘/' ?”/f/’/‘y/’
) s o
A’g’ ,/y,/ , ;;‘/,;gj/ ,/' ,, )/y)/ e

A
v

Figure 4.5 Schema of the substrate used for XPS chemical analyses

The chemical composition at the buried interfaces was determined by sequential
depth profiling of each stack, and the corresponding in-depth overall atomic percentage
profiles are presented in Fig. 4.6. For both SiOxNy and AlOx areas, C and O are present at
the initial, top surface and correspond to the adventitious carbon layer inherent to ambient
air exposure. The XPS shows that no trace of fluorine is observed within the pc-Si:H layer
(similar to EDX). This means that the F from the SiF4 precursor is fully scavenged by H
during the growth process, at least to a level below the XPS detection threshold. This result
is consistent with the model of Ar/SiF4/H, plasma chemistry described in the introduction
and observed in previous section. All the different interfaces are sharp and clearly identified.

Concerning the SiOxNy area, the pc-Si:H / SiOxNy interface is reached after 370 s of
sputtering. During the profiling of this SiOxNy layer, the O and Si contents are roughly
constant although the F profile demonstrates a gradient (12 atomic percent at maximum
value), negatively correlated with the N distribution. This confirms the trend evidenced by
the STEM-EDX analysis, also showing F incorporation.

For the AlOy area, F is only present at the a-Si/AlOy interface, and reaches a content
of 18 at%. The AlOx layer is composed of 60% of O and 40% of Al, and the F does not

diffuse into this layer (as it does into the SiOxNy one).
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Figure 4.6 XPS depth profiles of (a) SiOxNy and (b) AlOy areas on c-Si substrate. (Note: X axis
scales are not the same for both graphs).

In addition to these elemental chemical composition profiles, a more precise XPS
analysis was conducted using high-energy-resolution spectral windows in order to access
information on the chemical environments of each element. We will focus on the AlOy area
where no deposition occurred. The evolution of the Al2p peak during profiling is shown in
Fig. 4.7 (a)). Note that the capping a-Si layer is very thin (less than the escape depth of Al2p
photoelectrons), so the Al is detected even before sputtering. The Al2p peak position is
progressively shifted toward lower binding energies with increased sputtering time, i.e. when
probing the bulk AIOx layer. This behavior is consistent with the presence of a more
electronegative element at the surface compared to the bulk, and clearly suggests the
formation of Al-F bonds at the surface of the AlOx layer. Indeed, a fit of the Al2p photopeak
representative of the AlOx surface (70 s etching time on the profile of Fig. 4.7 (a)) is
presented in Fig. 4.7 (b), The Al2p spectra are reconstructed using a Gaussian—Lorentzian
convolved function with L/G = 30%. The spin—-orbit coupling Al2p1/2—-Al2p3/2 was set to
0.44 eV. For Al2p, there are two possible states having two different binding energies.
Consequently, the fitting requires two doublets, attributed to Al-O and Al-F bonds, whose
energy positions are shifted by 1.5 eV. The expected energy difference is around 2.0 eV for
pure Al2Os and AlFs compounds [2] suggesting a rather mixed Al-O-F environment at the
surface of the AlOx layer. An Al-O/AI-F ratio of 2.66 is estimated, leading to a ratio of
F/Al=2.9. This indicates that the amount of F in fact exceeds the number of Al sites available,

so in fact only a part of the F is really bonded, and the rest is likely adsorbed on top.
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Figure 4.7 (a) Al2p photopeak evolution with etching time for a-Si/AlOx/c-Si sample and (b)
typical Al2p fit at the AlOy surface, i.e. 70 s etching time.

The same analyses have been carried out on two other samples: one before any
plasma process (as a reference, labelled “Ref AlOx’) and another with a selective deposition
process but without any capping layer (labelled “w/o a-Si cap”). Fig. 4.8 shows the Al2p
photopeaks for those three samples. It is clear that after exposure to the Ar/SiF4/H; plasma,
a new contribution at high binding energy, attributed to Al-F bonds, is detected. It is also
interesting to note that according to Al-O/Al-F atomic percentage ratio, the amount of Al-F
bonds is higher on the sample without the a-Si capping (Al-O/Al-F=3.21) compared to the
one with (Al-O/AI-F=5.44). This indicates that some of the Al-F bonds created during the
selective deposition process are removed from the AlOy surface to allow the deposition of
the a-Si:H film. It can be concluded that the more Al-F bonds and absorbed F that are present,
the better selectivity is obtained, which is consistent with the lack of deposition on AlIOx and

metallic Al as was observed in section 3.4.
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Figure 4.8 Comparison of Al2p photopeaks of AlOy area before plasma process (red) and after

(green without a-Si capping layer, and blue with).

4.1.3 Surface-wetting characterization of AIOx and SiOxNy areas

Aluminum oxide and silicon nitride (or oxynitride) have numerous common
properties. Both are highly transparent dielectrics, electrical insulators and are used as silicon
passivation layer for solar cells applications [3-8]. However, they act very differently
towards Ar/SiF4/H2 plasma under AS-PECVD conditions. Looking for further explanations

of this phenomenon, we performed water contact angle measurements on our samples.

By doing measurements on both AlOx and SiOxNy before any plasma exposure, we
found that those two materials have distinct wetting characteristics, indicated by the
difference in the water contact angle (WCA). This is immediately evident even from visual

observation (Fig. 4.9).
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Figure 4.9 Photo of the AlO,/SiOxNy substrate during contact angle measurement using de-ionized

water before plasma deposition

Before area-selective plasma After area-selective plasma
deposition process deposition process
0=75° 0=45°

Non-
growth
area
(AlO,)

SiO,N, surface 6=38° uc-Sisurface 6=34°
Growth
area
(SiO,N,
or uc-Si)

Figure 4.10 Water contact angle of AlOx and SiOxNy areas before and after AS-PECVD. SiOxNy
area becomes covered with pc-Si after AS-PECVD (scale bar: 200 pm).

More precise contact angle measurements were done on an Attension® Theta Optical
tensiometer. The volume of the water droplet used in this study is approximately 4 pL. Fig.
4.10 shows the microscope images as well as WCA on SiOxNy and AlOx areas before and
after AS-PECVD.

e Before AS-PECVD process, the WCA of the as-deposited SiOxNy is 38° and that of as-
deposited AlOx (after ALD) is 75°, meaning that SiOxNy is more hydrophilic than AlOx.
From those WCA values we were able to calculate the surface free energies (SFE)* and
found, as we expected, that SiOxNy has a greater SFE (55.5 mJ/m?) compared to that of
AlOy (31.6 mJ/m?).

! The method for SFE calculation is detailed in chapter 2 section 2.3.5
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e After the AS-PECVD process, if we compare the AlOy area before and after AS-PECVD,
we can notice that the Ar/SiF4/H. plasma led to some modification to the surface as the
WCA is reduced from 75° (before plasma) to 45° (after plasma). This means that the
surface free energy was enhanced. Based on XPS and EDX previous analyses, this
modification is attributed to the excess of F on AlOx surface and the presence of Al-F
bonds. Therefore, in our case, fluorination makes the surface more hydrophilic by
reducing its water contact angle. A similar effect has been seen by K. Roodenko et al. as
they showed that XeF. plasma (used to etch silicon) produces a hydrophilic Al surface
due to its saturation with Al-F bonds [9]. Although, this is not true for all fluorine
terminated surfaces, as in some cases, a decrease of fluorine content leads to a wettability

transition from superhydrophobicity to superhydrophilicity [10, 11].

The correlation between surface-wettability and selective deposition has been
investigated in previous studies. Awaya et al. showed that silicon oxide could be selectively
deposited on the Si, SiO2 and OFPR resist surfaces by the hydrolysis reaction of SiCls. Under
the same conditions, there is no growth of silicon oxide on Poly-perfluoro-alkyl acrylate
(PPFAA) or conventional resist treated with NF3 plasma, as such surfaces have lower surface
energies [12, 13]. Another example is the selective deposition of poly(acrylates) on a
SiO2/Cu line space patterns using spin coating. In fact, poly(acrylates), containing
semifluorinated groups, selectively deposit on Cu without any chemical modification of the
underlying substrate. The authors suggest that fluorinated polymers are repelled from the

most hydrophilic surface (which is SiO: in their case) [14].

Surface wettability is usually useful for liquid-surface interaction, as the greater the
surface energy the better the liquid adhesion to the surface. Only a few groups have
investigated the relationship between surface energy and thin film growth by PECVD [15,
16]. At this point, the dependence on surface wettability of our AS-PECVD is not clear and
remains a topic for further study.
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4.2 Plasma characteristics

4.2.1 Plasma optical emission spectra

In order to determine the composition of Ar/SiFs/H. plasma and to see if this could
be a good predictor of AS-PECVD conditions, optical emission spectroscopy measurements
were performed through a sapphire viewport in the ATOS reactor using an Ocean Optics
Maya 2000 Pro fiber optic spectrometer. The fiber optic collection system position allows
one to detect the emission from the plasma bulk rather than from the sheath? and integrates
an optical signal over large volume of the plasma. OES spectra were registered in the spectral
range 200 nm-1000 nm after plasma ignition under the following ASD conditions: 200/14/20
sccm for Ar/SiFa/H2 gas flow rates respectively, a pressure of 1.7 Torr, electrode temperature
of 100 °C and a power of 10 W. For the sake of clarity, we choose to show OES spectrum
in the spectral range 200 nm-730 nm (Fig. 4.11). The most intense detected emission lines
with their correspondent plasma species are listed in table 4.1. The obtained OES spectrum
is coherent with the OES analyses of Ar-SiF4-H: plasmas from previous studies [17-19] with
a small difference in terms of the intensity doublets at 415 nm and 420 nm as are relatively

intense in our case.

Qualitatively, SiFs are the most abundant species among SiFy, resulting from the
dissociation of SiF4 in the plasma (considering that the intensity of the optical emission lines
is directly linked to the density of the plasma species and the electron energy distribution
function [20]). Therefore, SiFs is the most likely growth precursor under ASD conditions,
confirming the statement mentioned in the introduction about the growth mechanism from

Ar/SiFs/H2 plasma chemistry.

2 The fiber optic collects the light from the volume that is relatively far from the substrate electrode
as seen in figure 2.11 in chapter 2
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Figure 4.11 Typical optical emission spectrum observed for an Ar/SiF4/H; under area selective

deposition conditions

Species Wavelength
SiFs3 240 nm
427 nm
SiF2 395 nm
SiF 449 nm
Ha 602 nm
Ha 656 nm
F 703 nm
Ar 415.8 nm
419.5 nm
696 nm
706.51 nm

Table 4.1 Plasma species detected from OES with their corresponding emission wavelength. [21-
24]
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Intensities of the emission lines for SiFz (240.2 nm), F (703 nm) and Ar (706.51 nm)
were tracked during the AS-PECVD process. As shown in Fig. 4.12 the intensities of the
chosen species remain constant for the whole ASD process. This means that no additional
species are detected after plasma-surface interaction, or at least not in the detection region
where the signals are collected by the OES fiber optic. Moreover, no change in signals occurs
when the nucleation delay ends (i.e. after 2 minutes of AS-PECVD process).

In addition, we have tried to register OES emission lines for a non-selective PECVD
process - that is to say, by setting the same AS-PECVD conditions except for the plasma
power which was changed to 15 W. By comparing the OES spectra corresponding to the
selective and non-selective plasma process (Fig. 4.13), we found that no new emission line
appears and it is just a minor change in the light intensity of the all emission lines given in
table 4.1. The role of RF power on plasma deposition using SiFs/Hz plasma has been
previously interpreted using OES. It was shown that an increase in RF power leads to a rise
in the total electron density and deposition rate. However, in that study, the Ar concentration

in the plasma was low which is the reverse of our plasma conditions [21].
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Figure 4.12 Time resolved OES emission lines at 240.2 nm (SiFs), 703 nm (F) and 706.51 nm (Ar)

wavelengths during an area selective PECVD process
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Figure 4.13 Optical emission spectra for 10 W and 15 W plasma power

This OES study shows no change in the emission lines during the whole AS-PECVD
process. Also, OES spectra for AS-PECVD process is similar to that for non-selective
process conditions. Therefore, it is not the plasma composition that is the important factor
changing with time or with plasma power, but rather something else. In the next section, we

look at another potential cause: the ion energy or flux.

4.2.2 Peak to peak and Vpbc measurements for different plasma conditions

In chapter 3, we have shown that selectivity is lost when increasing the temperature
of the electrodes (from 100 °C to 175 °C) and/or plasma power (from 10 W to 15 W). It was
expected that this may be due to an increase in ion bombardment energy leading to the
removal of Al-F bonds. In order to confirm or disprove this hypothesis, a variable frequency
source was used to vary the ion energy by changing the frequency [25-27]. By increasing
the frequency, one can decrease the average ion energy at a constant power, and see if for
the non-selective plasma conditions, deposition on the non-growth AIOx area can be

prevented at lower ion bombardment energies.
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For this purpose, the 13.56 MHz radio frequency voltage source was replaced by a
function generator (AFG) along with a tunable matching box, a Bird RF power probe, and a
Textronix HV voltage probe in order to measure the peak-to-peak voltage Vpp and the DC
self-bias voltage V. on the powered electrode. For a sinusoidal voltage source, the time-
averaged plasma potential V,,; can be estimated directly from Vpp and Vp through the
formula (4.1) [28-31]:

Vy = %(% Vpp + VDC) (4.1)

This formula is true if one considers that (1) no voltage drop exists in the plasma
bulk, (2) no sheath reversal, (3) the sheath completely collapses during the sinusoidal cycle
and (4) the potential in the center of the plasma follows the applied voltage. Under those
conditions, the maximum Kinetic energy of ions arriving to the grounded electrode (ie the

maximum ion bombardment energy) is approximately equivalent to the plasma potential.

A series of Ar/SiF4/H; plasma conditions were investigated for three frequencies: 10,
13.56 and 27 MHz3. We focused on a range of plasma conditions from the optimized AS-
PECVD conditions, to those that lead to pic-Si deposition on both AIOx and SiOxNy areas,

that is by increasing electrode temperature to 175 °C or plasma power to 15 W.

Fig. 4.14 summarizes the plasma potential for each plasma condition named above.
We have also tracked the selectivity of the PECVD process on SiOxNy/AlOx samples on c-
Si substrate, prepared in the configuration 1 (see section 2.1), for experimental conditions
that are represented by a symbol. For the rest of the points, we only calculated the plasma

potential as there was no sample loaded inside the reactor.

¥ We choose 27.12 MHz as it is the double of 13.56 MHz and 10 MHz was the smallest possible
frequency to generate the plasma as we reached the limit values of the impedances in the matching
box.
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Figure 4.14 Plasma potential as a function of four electrode temperature (100, 125, 150 and 175
°C) for three frequencies (10, 13.56 and 27.12 MHZz) and for two plasma powers (a) 10 Watts and
(b) 15 Watts

In Fig. 4.14a, plasma potentials are calculated for 100°C, 125°C, 150°C and 175°C
substrate electrode temperatures, for a plasma power of 10 W, 200/14/20 sccm of Ar/SiF4/H;
gas flows, a pressure of 1.7 Torr and for three frequencies 10, 13.56 and 27.12 MHz. While,
Fig. 4.14b shows the calculated plasma potentials for the same set of electrode temperatures
but for a plasma power of 15 W, 200/14/20 sccm of Ar/SiF4/H> gas flows, a pressure of 1.7
Torr and for three frequencies 10, 13.56 and 27.12 MHz. The star symbol stands for the
selective deposition cases, the red X indicates the cases where Si grow on both AlOx and
SiOxNy areas and the orange X indicates the cases where Si did not grow nor on AlOx or
SiOxNy areas.

e At 10 W, for an electrode temperature of 100°C, selectivity is maintained even if the
plasma potential changed. For 175 °C, (i) pc-Si grows on AlOy area for both 13.56 MHz
and 27.12 MHz frequencies. As already stated in chapter 2 (section 2.2.2), the increase
of the excitation frequency leads to a reduction of ion energy. In this case, reducing ion
bombardment energy (IBE) does not prevent the loss of selectivity. As a consequence,

the non-selectivity effect that appears for those two cases is not simply linked to the IBE,
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so reducing IBE cannot widen the process window. (ii) At 10 MHz, there is no deposition
on either AlOx nor SiOxNy. This may be because when reducing the excitation frequency
to 10 MHz, the ion flux impinging the substrate is reduced while the energy is increased
[25], affecting the nucleation of Si.

One can conclude from the 10W case that the determination of selectivity is dominated

by electrode temperature.

e At 15 W, the situation is slightly different, and certainly less clear. In fact, for an
electrode temperature of 100°C, selectivity is lost only for 13.56 MHz while the process
is selective for 10 and 27.12 MHz. For 175°C and at 27.12 MHz excitation frequency,
pc-Si grows only on SiOxNy area without growing on AlOx area. Thus, the use of variable
frequencies plasma excitation enables us to extend the windows of area selective
deposition process by PECVD.

From this small set of experiments, one can state that it is not the ion bombardment

energy alone that determines the deposition on the normally non-growth area.

The connection between plasma power, electrode temperature and ion bombardment
energies is not yet fully clear. Even if we could not confirm the direct relationship between
IBE and the deposition on non-growth area, we can state that a change in excitation
frequency can open up the process window.
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4.3 Summary

In this chapter, we have attempted to identify the physical origins behind selective
microcrystalline silicon deposition on SiOxNy areas while leaving AlOx pristine. For this

purpose, advanced surface analyses and plasma characterization were performed.

XPS and EDX chemical analyses showed that fluorine atoms are incorporated inside
SiOxNy while there are Al-F bonds or AlFs only on the AlOx surface after Ar/SiF4/H> plasma
under ASD conditions. Thus, we can picture the reactions on each surface (schematically

represented in Fig. 4.15) as follow:

Q) On AIOy areas, the fluorination reaction forms a very strong bond (Al-F) that
blocks etching or deposition on this area.

(i) On the contrary, on SiOxNy areas, plasma species create volatile or gaseous
compounds when reacting with Si that are removed easily from the surface,

leaving sites where growth can nucleate [32, 33].

Ar/SiF,/H, Plasma

Al-F
bonds

Figure 4.15 Schematic representation of the reaction mechanism during AS-PECVD

process.

Examining this mechanism, one can notice the crucial role of a fluorine-containing
gas in the plasma chemistry for achieving area selective PECVD. The influence of fluorine-

based plasma has been also previously studied for area selective atomic layer deposition and
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atomic layer etching [34-37]. For example, R. Vallat et al. suggests that Si—F bonds passivate

silicon substrates preventing TiO2 growth and block surface reactions [34].

In addition to XPS and EDX surface characterization, the water contact angle
measurement shows that SiOxNy is more hydrophilic than AlOx in their initial state and the
fluorination of AlOx surface enhances its wettability. The presence of AlFs can be useful in
optics or optoelectronics [38] or in MOS devices as it may enhance the memory window
[38].

Regarding the plasma, two important points should be taken into account: (1) the fact
that the two growth areas are located on the same c-Si substrate means the two areas are at
the same temperature, and once in the plasma, will be at the same potential relative to the
plasma [40, 41]. (2) One area cannot charge up more than the other (as could occur if one
substrate was insulating and the other conductive [42]) means that the energy spectrum of
the ion flux seen by the two surfaces should be very similar.

OES spectra shows that SiFs is an apparent growth precursor. Based on results from
this technique, changing plasma power from 10W to 15 W did not affect relative plasma
species densities in the plasma bulk because emission lines remain constant. But it may
change density closer to the surface (we did not study this case because of technical

difficulties to implement this in current reactor).

The variable frequency experiments allow us to consider that it is not simply because
of ion bombardment energies deposition is occurring on AlOy area outside selective process
windows. It is more likely due to species flux on the surfaces that increases with the increase

of plasma power.

All those results indicate that our area selective plasma deposition process is strongly
dependent on the interaction between plasma species and the surfaces i.e. the presence or
not of Al-F bonds on the AlOy area. This indicates that our AS-PECVD have a great chance
to be selective on small areas as long as the surface is composed of AlOx and SiOxNy

surfaces, or their analogues.
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5.1 Challenges in the fabrication of patterned substrates

Throughout the previous chapters, area selective deposition and its origin have been
demonstrated and investigated for deposition on SiOxNy without any deposition on AlOxand
for samples prepared in Configuration 1. This chapter will focus on the application of AS-
PECVD process to AlOx/SiOxNy patterns, i.e. Configuration 2, defined by lithography. The
first part is dedicated to the challenges faced during the fabrication of such patterns in
particular the contamination that potentially inhibits the selective growth of pc-Si on SiOxNy.
The following part includes the characterization of the growth on different feature

dimensions.

5.1.1 Review of photolithography steps

Patterns of aluminum oxide and silicon oxynitride were prepared by
photolithography in Thales TRT clean room on the Ecole Polytechnique campus. The main

steps used are as follows:

1. Spin coating of SPR 700 1.0™ positive photoresist on the silicon wafer coated with 50
nm of AlOx and 70 nm of SiOxNy at 3000 rpm spin speed for 30 seconds.

2. Soft bake of the photoresist at 110°C for 1 minute on a hot plate.

3. Exposition of the photoresist to a UV lamp for 3 or 6 seconds depending on the minimum
feature size of the photomask

4. Dissolution (development) of soluble area of photoresist (area exposed to UV light) in
MICROPOSIT® MF-319® developer for 20 to 5 seconds depending on the chosen UV
exposure time

5. Rinse in deionized water (DW) and drying the surface

6. Selective etching of SiOxNy area uncovered with photoresist by SFe plasma in the
reactive ion etching (RIE) system for 1 minute and a half.

7. Removal of photoresist from the surface by acetone and isopropanol
Those steps as well as the resulting sample are presented in Fig. 5.1.
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photoresist resist resist resist resist
[ SioN, ] [ sioN, ]
AlO, —) AlO, — AlO,
substrate substrate substrate
UV exposure RIE using SF
+ Develop

photoresist
SiO,N,

gmm  2mm
“«——— >

) Alo,
substrate

Strip resist with acetone
and isopropanol

Figure 5.1 Photolithography process used for the fabrication of AlO,/SiOxNy patterns. The photo
represents a top view of the resulting sample.

5.1.2 Contamination

During RIE etching, photoresist may get heavily cross-linked due to high
temperatures, DUV-radiation, and ion bombardment resulting from the plasma [1]. This will
prove problematic in photoresist removal. An example of a contaminated sample with
photoresist traces is shown in Fig. 5.2. This photo is of a sample after lithography steps and
after 3 minutes of Ar/SiF4/H> plasma under AS-PECVD conditions. It is clear that the
presence of resist traces on AlOy areas (black rectangles) affect the selectivity by enhancing

the growth of pc-Si:H on those intended to be non-growth areas.
SiO\N,

\ e
AlO,
| qmrer w6
L'—ﬂr«’mw"
- WW T g P A

B s B P e B

e s — —

5cm

Figure 5.2 Example of a contaminated substrate from photolithography.
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5.1.3 Solutions to resist contamination

In order to suppress the contamination resulting from lithography, we tried numerous
methods. Firstly, we changed the photoresist chemistry from SPR 700 1.0® to S1805® and
n-LOF®2020. Nevertheless, it was hard to remove the alternative resists by acetone and
isopropanol. Even when acetone was replaced by another solvent; N-Methyl-2-pyrrolidone
(NMP), the resist traces remain on the substrate, and especially on AlOy areas.

The second solution was to make a hard mask in order to avoid the exposure of the
resist to the SFe plasma. The method is described in Fig. 5.3. It starts with a thermal
evaporation of copper on top of a substrate (including layer stack), resist patterning, and then
wet etching in a diluted ferric chloride (FeCls) solution in H20. This solution is known to
selectively etch a few metals, particularly copper [2]. Once the hard mask of copper is
created, SiOxNy is etched selectively by SFs plasma without impacting AlOx or Cu. The Cu
mask is finally removed by FeCls solution. Unfortunately, using this method, we introduced
additional contamination sources on the surface coming from the Cu removal and the

multiple other processing steps. Selectivity was not improved.

photoresist resist resist

resist resist
Cu Cu Cu Cu
SiO,N, - SiO,N, - SIO,N,
AlO, AlO, AlO,
substrate UV exposure substrate FeCl; and DW substrate

+ Develop

photoresist
Strip with
acetone and
isapropanol

Cu Cu

SiO.N, SiO,N, - SiO,N, SiON, - SiO,N,

AlO,

AlO,
substrate

AlO,
substrate

substrate

FeCl; and DW RIE using SF,

Figure 5.3 Photolithography steps in case of lift off process.

After the failure of the previous solutions, we turned back to the initial lithography
process (using SPR 700 1.0® positive resist) and included an additional step of O2 plasma

surface treatment. Indeed, O2 plasma is known to remove organic contamination from the
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surface as it oxidizes the organic resist polymers and removes them as volatiles, with
practically no residue [1, 3]. Therefore, AIO./SiOxNy patterned substrates were treated with
O2 plasma for 5 minutes in VENUS reactor.

Using the O plasma, we successfully removed photoresist traces. Unfortunately, the
plasma exposure apparently also changed the surface properties of the SiOxNy, and this was
manifested by a loss of silicon growth on top of SiOxNy, resulting in no growth whatsoever.
In Fig. 5.4, a photo of a patterned substrate after 5 minutes O, plasma and 20 minutes of
Ar/SiF4/H2 AS-PECVD process shows no any difference between before and after AS-
PECVD (to be compared to the difference between Fig. 5.1 and 5.4).

(a) (b)

SIO,N,

AlO,

5cm 5cm

Figure 5.4 AIO,/SiOxNy patterns (a) before and (b) after 5 minutes of O, plasma and 20 minutes of
AS-PECVD process. No deposition on either growth nor non-growth areas

As an alternative to Oz plasma treatment, patterned substrates surfaces were treated
with Hz plasma, as this is also known to remove organic contaminations from surfaces [4].
H> plasma treatment has been performed in a Nanomaster NRE 3500 parallel plate RIE
system?. Plasma treatment time was varied between 40 minutes, 1 hour and 2 hours. The
results are either no deposition on AlOyx or SiOxNy areas (similar to Fig. 5.4) or deposition
on both areas (Fig. 5.5). In either case, area selective deposition could not be achieved.

The ultimate solution was to combine plasma treatments, and use an O plasma,
followed by either Hz, SFe or N2 plasmas. Deposition on both growth and non-growth areas
was obtained when surfaces were treated with 10 minutes of O plasma in VENUS then 20
minutes of Hz plasma in RIE. Same result was found for 5 minutes O plasma treatment and

40 seconds of SFs plasma etching.

! More details about RIE system are found in reference [5]
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e—

.

Sio"NV area M [T -

A|0x area Zamme e 1 R =]

5cm

Figure 5.5 After 2 hours of H, plasma treatment and 20 minutes Ar/SiF4/H; for silicon deposition

Finally and fortuitously, selective deposition on SiOxNy vs AlOy areas is achieved
when using 5 minutes Oz plasma followed by 3 minutes N2 plasma surface pre-treatment,
both done in the VENUS ECR-PECVD reactor.

Fig. 5.6a shows an example of selective pc-Si deposition on AlOx/SiOxNy patterns
after O2+N_ plasma pre-treatment and 20 minutes Ar/SiF4/H, AS-PECVD process. Fig. 5.6b
and 5.6¢ are the SEM images on the region between AlOx and SiOxNy. As seen in the images,
Si nuclei are dense on the SiOxNy area and drop abruptly on the AlOy area. Since we are not
able to image a cross sectional view of the pattern, we cannot certainly assume if the

microcrystalline silicon is growing in a “mushroom” shape on top of SiOxNy area [6].

(a)

Figure 5.6 (a) Photo of the AlO,/SiOxNy patterns after 20 minutes of AS-PECVD process with its
corresponding SEM images in different magnifications (b) and (c)

5.1.4 Sensitivity to process details
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a) Under etching

Additional contamination has been identified for some cases even after O> and N
plasma surface pretreatment, and results in “unwanted” nuclei on the non-growth area.
Notably, this occurs when the SFe plasma etching time is insufficient to fully etch silicon
oxynitride. For example, by comparing Fig. 5.7a and 5.7b, we can notice that the density of
the grains or nuclei on AlOy area after 3 minutes of SFe is less than that after 40 seconds of
SFe plasma. It is likely that for 40 seconds of SFs plasma, some traces of SiOxNy remain on
the AlOy area, which leads to the nucleation of silicon on top of AlOx.

3 minutes SF; 40 seconds SFg

e T S -
Figure 5.7 SiOxN,/AlOy patterned samples for (a) 3 minutes and (b) 40 seconds SFs plasma
etching time. Both samples were treated with 5 minutes O, plasma, 3 minutes N, plasma and 20
minutes of Ar/SiF4/H> plasma under AS-PECVD

b) Pattern sensitivity

For the same Oz and N2 plasma surface pretreatment and under AS-PECVD conditions, it
was observed that the selectivity outcome depends on the overall pattern design, especially
relative areas of SiOxNy and AlOx, but on a macroscopic scale. For example, the two sample
designs in figure 5.8, named Configuration 2A and Configuration 2B, show dramatically

different results after plasma exposure. In configuration 2A2?, uc-Si is deposited selectively

Z Configuration 2A is the same as Configuration 2 in fig.5.6 (a)
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on SiOxNy area, as desired, whereas in configuration 2B, under identical plasma conditions,

pc-Si does not grow on SiOxNy areas, nor on AlOx areas.

It should be noted that the only difference between Conf.2A and Conf.2B is the photomask
design used during photolithography process and the rest of the fabrication steps were

exactly the same.

The dependence of the ASD process selectivity on the macroscopic substrate pattern remains
one of the most confusing puzzles of this work. Despite many attempts to understand it, no

clear physical explanation could be unveiled.
Configuration 2A Configuration 2B
SiO,N,

AlO

X

AlO,
substrate

T AlO,

substrate

Figure 5.8 AIO,/SiOxNy patterns on c-Si substrate in configuration 2A (on the left) and
Configuration 2B (on the right) after O, and N plasma pretreatment followed by AS-PECVD

process.

5.2  ASD on patterned substrates

It was shown so far that additional steps are needed to achieve selective deposition
on patterned samples. This section is dedicated to the characterization of SiOxNy/AlOx

patterns for each plasma treatment in order to understand impact of those treatments on the
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surfaces. For this purpose, contact angle measurements, atomic force microscopy, and X-ray
photoelectron spectroscopy were performed on both growth and non-growth areas after each
step, i.e. after the following consecutive steps: (1) photolithography, dry etching and wet
cleaning, (2) 5 minutes Oz plasma, (3) 3 minutes N> plasma and (4) Ar/SiF4/H2 AS-PECVD.

In addition, the ASD process on different SiOxNy pattern features will be studied.

5.2.1 Chemical and topographical characterization

a) Contact angle measurement

Water contact angle (WCA) has been measured on SiOxNy and AlOy areas after O
and N2 plasma in order to check the impact of plasma pretreatment on their wettability. From
Fig. 5.9, it is obvious that WCA is modified after each plasma treatment indicating a change
in the chemical character of the SiOxNy surface. After O, plasma, the WCA decreased from
43° to 8° enhancing the wettability of SiOxNy surface and making the surface more
hydrophilic. N2 plasma increases again the WCA up to 25°. Thus, an O, plasma treatment

followed by an N2 plasma changes the wettability of SiOxNy in opposite ways.

On the level of area selective deposition, those two pretreatments also provide
different results: while an Oz plasma surface treatment prevents pc-Si selective growth on
top of SiOxNy areas under AS-PECVD conditions, N2 plasma after this final Oz plasma helps
to recover deposition on this same area. Consequently, N2 plasma treatment do not somehow
“reset” the surface to its initial state (before any plasma treatments) as the surface free
energies are distinct. Yet, it modifies SiOxNy chemical character in a way to promote the

nucleation of silicon.

Regarding AlOx area®, we measured WCA in configuration 2B. As shown in figure
5.8, WCA increased for every plasma treatment. It goes from 54° before any treatment to

68° after O2 plasma reaching a value of 77° after O, and N2 plasma. Those final WCA values

¥ We couldn’t measure the water contact angle for AlOx in Configuration 2A because the liquid
droplet drifts abruptly to the wider SiOxNy area. This problem could have been solved by reducing
water droplet volume but it wasn’t done due to the characteristics of the instruments
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in the Configuration 2B are uncertain to be identical to that in Configuration 2B as the
response to the Ar/SiFs/H2 plasma under AS-PECVD conditions was different. Still it
indicates that plasma treatments slightly reduce the hydrophilicity of AlOx surface and do
not promote the growth of pc-Si thin film.

It should be noted that the effect of the O, plasma is opposite for both surfaces, as it
enhances the wettability of SiOxNy, but reduces it for AlOy areas.

On SiO,N, surface
(a) (b) (c)
43° 8° 25°
Patterned non treated After O, plasma After O,and N, plasma

Figure 5.9 Water contact angle measurement on top of SiOxNy surface for patterned sample in
configuration 1 (a) before any plasma treatment, (b) after 5 minutes O, plasma and (c) after 3

minutes of N, plasma following 5 minutes O, plasma (scale bar: 200 pum)

On AlO, surface
(a) (b) (c)
I 54° i 68° p /7 4
Patterned non treated After O, plasma After O,and N, plasma

Figure 5.10 Water contact angle measurement on top of AlOy surface for patterned sample in
configuration 2 (a) before any plasma treatment, (b) after 5 minutes O, plasma and (c) after 3

minutes of N, plasma following 5 minutes O, plasma (scale bar: 200 um)
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b) Atomic Force Microscopy

In addition to contact angle measurements, AFM was used to track any change in
surface RMS roughness after different plasma treatments, as this may also impact growth
and contact angle. The AFM images of both SiOxNy and AlOx areas, along with their
corresponding RMS values, are shown in figure 5.11 for the following cases: (a) on pattern
after lithography, (b) on pattern after O. plasma and (c) on pattern after O2 and N> plasma.

The measured area is 5x5 pm?.

On the SiOxNy area, there is no significant change in the roughness after pattern
fabrication (including photolithography and dry etching) as well as after all plasma
treatments. This means that the surface modification (namely the wettability) can be only

explained as a chemical change, not a physical one.

On the AlOy area, the RMS roughness is relatively high after pattern fabrication (2.24
nm) compared to after plasma pretreatment (0.5 nm). This can be attributed to the photoresist
traces resulting from the sample fabrication steps. However, the roughness did not change

after O. and O2+N2 plasma pretreatment (similar to the SiOxNy area).
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(a) Patterned before treatment
SiO,N, area AlO, area

0.0 pm 02 04

(b) Patterned after O, treatment
SiON, area AlO, area
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02 04 06 08
RMS=0.53 nm

8.0 nmu 0o
2

06

(c) Patterned after O,+ N, treatment
SiON, area AlO, area
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Figure 5.11 AFM images of SiOxNy (left) and AlOy (right) after (a) photolithography, (b) after O

plasma and (c) after O, and N plasmas pretreatment. The maximum scale height was set to 8 nm

for all images.
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¢) X-ray photoelectron spectroscopy

All the results presented so far indicate that the surfaces are chemically modified
after each plasma treatment, so XPS chemical analyses have also been performed on SiOxNy
surfaces at each step. For this study, we compare the atomic composition and bonding of
four samples: (1) as-deposited SiOxNy before lithography, (2) patterned sample after the final
step of photolithography procedure (after acetone and isopropanol rinsing), (3) patterned
sample after 5 minutes of Oz plasma in VENUS and (4) patterned sample after 5 minutes of
O2 plasma followed by 3 minutes of N2 plasma, both in VENUS. The atoms detected on the
SiOxNy surface along with their composition in atomic percentage (%) are presented in table
5.1.

Firstly, one notes carbon composition (represented by the C1s peak) is 8.4% before
lithography and it increases after lithography, as the surface was exposed to multiple
chemical solutions. As expected, carbon traces are attenuated after O, plasma. Their content
increases again after the N2 plasma treatment (but not to as much as it was before any

treatment).

Secondly, F is detected on patterned substrates in only minor quantities (<0.4%),
which indicates that the photoresist provides a good protection for the SiOxNy layer from
plasma species during SFs plasma etching. In addition, the Si2p content remains constant for
the different samples. Finally, from N and O atomic percentage variations, we could asset
that the O, plasma inserts O in the surface, as O percentage goes from 21.10% to 54.8%.
Furthermore, the N2 plasma inserts N, since N1s increases after N2 plasma (N percentage
goes from 9.6% before N2 plasma to 21.4% after N2 plasma). Accordingly, O atoms are

replaced by N atoms after N> plasma treatment.

Similarly, a comparison of high resolution spectra has been carried out for the four
samples named above. We selected O1s, N1s and Si2p photoelectron peaks and shown in
figure 5.12. The shift of the O1s, N1s and Si2p peaks on blanket SiOxNy surface (red peaks)
corresponds to charge effect linked to the dielectric nature of the material [7]. We can notice
from Si2p photoelectron peaks (Fig. 5.12c) that the peak position is shifted to higher or lower

energies depending on the treatment applied to the surface. After pattern fabrication i.e. after
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lithography, this charge effect is reduced, and the O/N ratio is 0.61 for the SiOxNy layer.

After O, plasma the O/N ratio is drastically increased from 0.61 to 5.70. In other words, O3

plasma inserts O in the SiOxNy layer. After N> plasma, O/N ratio becomes 1.83. All this

indicates that the surface composition and the chemistry of SiOxNy evolves after each plasma

treatment, and on the basis of previous observations, the amount of N in the layer is crucial

in promoting the selective growth of the pc-Si layer.

Cls Fis Ols Si2p Si/IN+O OIN
Non patterned 8.4 - 215 33.7 0.58 0.59
Patterned non treated 11.7 0.3 211 323 0.58 0.61
After 5 minutes of Oz plasma 3.2 - 548 324 0.50 5.70
After 5 mins O2 plasma followed | 5.7 0.1 39.2 335 0.55 1.83
by 3 mins N2 plasma

Table 5.1 Atomic composition (in %) from XPS survey on SiOxNy surface for patterned samples in
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Figure 5.12 (a) O1s, (b) N1s, (c) Si2p photoelectron spectra on as-deposited blanket SiO«Ny (red)
and on SiOxNy pattern fabricated by lithography before any treatment (green), after O, plasma
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treatment (dark blue) and after O, and N plasma treatments ( ). Spectra are auto-scaled to

simplify the interpretation

The same XPS analysis has been done on three AlOy areas: (1) patterned sample (i.e.
directly after lithography), (2) patterned treated with 5 minutes O» plasma and (3) patterned
treated with 5 minutes O2 and 3 minutes N2 plasma in VENUS reactor. The atomic
compositions on the AlOx surface at each step is presented in table 5.2. After lithography,
the C and F content in the layer is high: 22.8% and 19.3% respectively, and traces of S are
detected as well. This is explained by the contamination induced during lithography process
(remaining traces of photoresist) and the subsequent SFe plasma etching. As expected, C and
O compositions are significantly reduced after the Oz and N2 plasma. Moreover, O is inserted
in AlOy layer after Oz plasma, as is N in this same layer after N> plasma (similar to SiOxNy

layer).

The traces of Si and N detected on AlOx surface allows us to consider the possibility
of a deposition of a very thin layer of SiN after N> plasma. In fact, the ECR-PECVD chamber
is not only used for O2 and N2 plasma treatments, but also for SiOxNy thin film deposition
and chamber walls are not cleaned after each experiment. This may lead to SiNx sputtering
from the antennae during N2 plasma treatment, and redeposition on the treated surface. As
seen previously, for short N2 exposure times (3 minutes), this does not cause any growth of
pe-Si on AlOy areas, and the selectivity is still conserved. However, this sputtering may be

problematic for longer N2 plasma process times.

Al2p Cls Fls Ni1s O1s Si2p S2p | AllO

Patterned non treated 253 228 193 0.9 30.6 - 0.5 ] 0.83
After 5 minutes of Oz plasma | 352 82 12 02 542 03 - 0.68
After 5 mins Oz plasma| 325 108 18 53 472 18 - 0.73

followed by 3 mins N2 plasma

Table 5.2 Atomic composition (in %) from XPS survey on AlOy surface for patterned samples in

configuration 2A

In addition to the atomic composition analyses, C1s, O1ls, Al2p, F1s, N1s and Si2p
photoelectron peaks have been compared after each plasma treatment. In Fig. 5.13, C1s, Ols

and Al2p spectra are normalized to the spectrum for the first, patterned, non-treated sample.
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We can conclude that after plasma treatment (whether O plasma or Oz and N2 plasma): (1)
the charging effect is reduced since the shift in binding energies for O1s, Al2p and F1s peaks
is reduced, (2) the appearance of C-O bonds can be noted (see Fig. 5.13a) and (3) the F1
peak is increasing. Also, before any plasma treatment, the Al2p peak is attributed to two
bonds: Al-O and Al-F. The same effect happens when AlOx is exposed to the Ar/SiF4/H>
AS-PECVD process (chapter 4). Last but not least, SiN deposition on the AlOx surface due
to sputtering during the N2 plasma is confirmed from Fig. 5.13e and 5.13f. However, this
layer does not drive the nucleation of silicon on AlOx areas during an Ar/SiF4/Hz plasma

under AS-PECVD conditions, and so selectivity could be still achieved.
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Figure 5.13 (a) C1s, (b) O1s, (c) Al2p, (d) F1s, (e) N1s and (f) Si2p photoelectron spectra on AlOy
area fabricated by lithography after any treatment (red), after O, plasma treatment (green) and after

O, followed by N, plasma treatments (blue)

5.2.2 Area selective pc-Si on patterned substrates with different

dimensions

As previously stated, the optimum steps for achieving area selective deposition on
AlO,/SiOxNy patterns are:

e 5 minutes of O. plasma pretreatment in VENUS
e 3 minutes of N2 plasma pretreatment in VENUS
e 20 minutes Ar/SiF4/H> plasma in ATOS under ASD conditions.

The final goal of my PhD was to check the sensitivity of our ASD process towards feature
dimensions, as it is known that for certain ASD approaches (namely AS-ALD) that the

selectivity is not the same between blanket and patterned areas of the same material.
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We designed a photomask, shown in Fig. 5.14, that contains rectangles of 2x10 mm? with
different spacing between them. The rectangles will become AIOy areas, so this design
allows us to have different feature dimensions of SiOxNy areas on the same substrate, and to
check the selectivity of our AS-PECVD process for smaller features.

Figure 5.14 Photo of photomask with different spacing between transparent rectangles

The patterned substrates were fabricated following the steps listed in section 5.1.1.
Then, substrates were treated with 5 minutes of Oz plasma in the VENUS reactor, followed
by 3 minutes of N2 plasma. Once treated, the patterned substrates were loaded in the PECVD
reactor for the AS-PECVD process*. Fig. 5.15a shows an example of the resulting
AlOy/SiOxNy patterns, where the 2x10 mm rectangles become AlOx areas surrounded by
SiOxNy material. The different dimensions of SiOxNy areas are determined by the rectangle
spacing, as seen in Fig. 5.15b and 5.15c. In order to characterize pc-Si growth, SEM and
AFM have been performed on (a) blanket areas (far from the pattern), (b) 50 pmx2 mm
strips, and (c) 15 pmx2 mm SiOxNy strips.

4 For some reason, the N, plasma was not necessary to restore growth on SiOxNy for those kind of
patterned substrates. They required only an O, plasma to obtain selective microcrystalline silicon on
SiOxNy area while leaving the AlOy area pristine.
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SiON,
Far from pattern

10.0kV 5.5mm x50 SE(M)
10.0kV 11.8mm x90 SE(M)

Figure 5.15 (a) Photo of the AIO./SiOxNy pattern after AS-PECVD process and SEM images for
two different SiOxNy area dimensions: (b) 15 pumx2 mm and (c) 50 pmx2 mm

a) Far from pattern (blanket)

Before starting to study the growth of pc-Si on SiOxNy, it is important to verify that
the AlOy area is indeed free of growth. Therefore, Fig. 5.16 shows a SEM image of the AlOy
area after AS-PECVD process. There are some very dispersed nuclei on the surface that
could be due to some surface contamination that promotes the nucleation of Si during
Ar/SiFs/H2 plasma. However, their density is relatively small, and we consider that the

process is selective.

Furthermore, on the SiOxNy far from pattern, pc-Si is growing in the same manner
as it does on non-patterned samples®. The layer's roughness reaches a certain maximum and
then decreases to a constant value when the layer becomes denser (Fig. 5.17). From
ellipsometry modeling, the pc-Si thin film thickness is about 62 nm and the final roughness
is about 13 nm. This last value is in good agreement with the RMS roughness extracted from
the AFM image of Fig. 5.18 of the SiOxNy blanket area. Also, the SEM image of the same
area is at approximately the same lateral magnification, and shows similar surface

morphology.

® See figure 3.8 in chapter 3
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100KV 11.8mm x9.00k SE(U)

Figure 5.16 SEM image on top of AlOy area
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Figure 5.17 Evolution of pc-Si thickness and roughness with time when deposited on top of
blanket SiO«Ny area

RMS=12.37 nm

Figure 5.18 SEM and AFM images of blanket SiOxNy area
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b) Reduced SiOxNy feature size

We could not perform in-situ ellipsometry on the 15 pmx2 mm and 50 pmx2 mm
SiOxNy feature sizes as the beam spot size is too big to fit in the whole area. Therefore, SEM

and AFM have been applied to both areas to check for selectivity.

Firstly, 20x20 um? SEM and AFM images were taken for the 15 um feature width
and are presented in Fig. 5.19a and b. The fabricated pattern is not of great quality in terms
of appearance, which can be explained by the loss of contrast and resolution during
photolithographic fabrication. This may be due to multiple factors, such as light diffraction
in the optical system during UV exposure (because of a relatively large air gap between
photoresist and photomask or mask reflectivity [8]), an excess in developing time, or a poor
adhesion of the photoresist to the substrate. However, we decided to not focus on the quality
of the patterns, but rather study the sensitivity of our ASD process to the changes in area
dimension. For this purpose, we extract the texture profile from the AFM image (Fig. 5.19
c) and estimate an 85 nm thick Si layer on top of a 70 nm of SiOxNy layer (the thickness of

SiOxNy was calculated from spectroscopic ellipsometry data).

Closer views (5x5 um?) of the 50 umx2 mm and 15 pmx2 mm SiOxNy areas are
presented in figure 5.20. The SEM and AFM images indicate that for both feature
dimensions, there is a deposition of pc-Si thin film consistent with small grains on the
surfaces. Nevertheless, the RMS roughness is slightly higher for the 50 um (27 nm) feature
width compared to the 15 um feature (22 nm).

This effect leads us to consider the possibility of having different thicknesses on top
of each SiOxNy area. As these areas are much smaller than the ellipsometry spot, an
estimation of silicon thickness has been extracted from the profile texture of each area, as
illustrated in the 3D AFM images of figure 5.21. We found that by fixing the SiOxNy layer
thickness to 70 nm, the layer on top - which is supposed to be pic-Si along with its roughness

- i1s around 80 nm thick, and that this thickness is similar for both feature sizes.
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Figure 5.19 (a) SEM image and (b) AFM image of the 50 pmx2 mm SiOxNy area. (c) profile
corresponding to the line indicated in the AFM image.

143



Selective processes for patterned substrates

(a) 50 umx2 mm
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Figure 5.20 AFM and SEM images of two SiOxNy areas with two dimensions: (2) 50 pmx2 mm
and (b) 15 umx2 mm
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Figure 5.21 AFM images in 3D representation with their corresponding texture profile for (a) 50

pmx2 mm and (b) 15 pmx2 mm SiOxNy areas
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Looking at Fig. 5.20a and b, one notes a difference in grain size distribution. To
quantify this appearance, AFM data were also used to determine the grain size distribution
on 50 um and 15 pm feature widths. For this study, the “grain distribution” feature in
Gwyddion software was employed to mark the grains by a chosen height threshold, and
afterwards, to count the detected grains in terms of their equivalent radius. The equivalent
grain radius in Gwyddion software is defined as the radius of the disk with the same

projected area as the grain®.

The result is presented in Fig. 5.22. In this study, noise was not treated specifically
during image treatment, so grains of < 10 nm radius are mostly noise and grains with a radius
> 90 nm are aglomerates of multiple grains that should not be taken into account. We can
conclude that:

Q) At a height threshold of 86 nm, there are more grains of radius between 10 to 60
nm on the 50 um feature compared to the 15 um feature, on which grains tend to
be larger (Fig. 5.21a)

(i) If we reduce the height threshold to 51 nm, only then on the 15 pum feature could

we detect a large number of grains with radii between 10 and 60 nm (Fig. 5.21b).

(a) Threshold by grain height: 86 nm (b) Threshold by grain height: 51 nm
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Figure 5.22 Equivalent grain radius distribution marked by (a) 86 nm and (b) 51 nm height
threshold

® For more details and examples about this method see references [9-11]
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In Fig. 5.23, a comparison of pc-Si thickness and its roughness is illustrated for three
SiOxNy areas: (a) far from pattern, (b) 50 um and (c) 15 um. The thickness on an area far
from the pattern was measured by in-situ ellipsometry, while the thicknesses and surface
roughnesses of the strips were measured by AFM. It is clear that Si is growing at almost the
same growth rate everywhere, as the thicknesses are very similar. The RMS roughness is a
little deceiving. It indicates higher values on 50 um feature compared to 15 um not because
the silicon layer is rougher, but rather because there are homogenously larger grains on the

50 um feature.
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Figure 5.23 Microcrystalline silicon film thicknesses (blue) and its roughness (red) on top of

blanket, 15 pm and 50 pum SiOxNy areas dimensions.

To conclude, the layer structure and morphology are different on each SiOxNy area.
That is to say, on the blanket SiOxNy area, the grains representing pic-Si film are small and
dense leading to a relatively smooth surface. On 50 um feature width, Si layer is a mixture
of small and medium dense grains. On 15 um feature width, the Si layer consists of both

small and rather sparse large grains.
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5.3 Summary

In order to obtain selective deposition when using SiOxNy/AlOx patterns, additional
steps are needed to remove surface contamination originating from the photolithography.
The vital step before Ar/SiF4/H2 AS-PECVD is a surface pretreatment by O2 plasma. XPS
analyses proves that this O, plasma removes organic contamination from the surface,
including carbon, fluorine and sulfur traces that are present due to SFe plasma etching and
chemical solution during lithography. This will enhance the inhibition of silicon growth on
the AlOx area. However sometimes the O, plasma pretreatment inhibits the growth of
microcrystalline silicon on both growth and non-growth areas. In this case, a short N2 plasma
(about 3 minutes) is necessary to recover the deposition of silicon on the growth SiOxNy

area.

The fact that for every kind of pattern there is a different plasma treatment needed
prior to the AS-PECVD process confirms the sensitivity of the ASD process to the surface
properties. It can be affected by any minor change in the initial state of the surface or in the
substrate preparation process, and great care must be taken in order to regularly reproduce

results.

The chemical modification of SiOxNy and AlOx surfaces derived from each plasma
treatment was verified by contact angle measurements. We found that O, plasma enhances
the wettability of SiOxNy yielding to high surface energy, whilst the N2 plasma reduces again
the surface energy; the water contact angle (which was 25°) becomes closer to the initial
WCA of the surface before any lithography (38°).

The nature of the chemical modification has been identified by XPS analysis. We
found that O> and N2 plasma insert O and N respectively in the SiOxNy and AlOy layers.
Furthermore, after N> plasma, Si traces are detected on the AlOx area. This possibly may
explain the presence of unwanted nucleation on this non-growth area, as seen in SEM

images.

The ASD process is not only sensitive to the surface pretreatment but also to the
distribution of AlOx and SiOxNy areas on the surface. In fact, when the AlOx area is
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surrounding a small SiOxNy area, selectivity is lost as well as all pc-Si growth. Even after
O2 or N2 plasma treatment, we weren’t able to grow silicon on either SiOxNy areas nor on
AlOy areas. It seems to be a macroscopic effect, as selectivity is still achieved for small

spacing in the reverse case, i.e. SiOxNy area is surrounding a small AlOy area (Fig. 5.15).

Finally, selective deposition is achieved on SiOxNy in forms of strips with feature
dimensions down to 15 um without any pic-Si deposition on AlOx areas. In situ ellipsometry
and AFM shows that the silicon deposited selectively is 61 nm thick. On the SiOxNy areas
far from pattern, the roughness of the layer is around 13 nm. This roughness increases when
feature dimensions are reduced. Moreover, the structure and the morphology of the pc-Si
layer selectively deposited on SiOxNy varies depending on feature dimensions. It is
consistent of a mixture of small and medium grains on 50 um feature, large and dispersed

grains on 15 um feature and small and dense grains on “far from pattern” or “blanket” areas.
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Conclusion and Perspectives

Plasma Enhanced Chemical Vapor deposition is a potentially useful technique to
achieve an Area Selective Deposition process through the use of a fluorinated precursor. In
this thesis, we were able to: (i) identify a process window for which the selective deposition
by PECVD could be obtained, (ii) understand the mechanism behind this selectivity, and
finally (iii) verify the sensitivity of the process to small area dimensions.

Area selective PECVD process

We determined the optimal Ar/SiF4/Hz plasma conditions that allow the selective
growth of microcrystalline silicon (pc-Si) thin film on silicon oxynitride (SiOxNy) area and
prevent its growth on an aluminum oxide (AlOy) area situated on the same substrate. Those
same plasma conditions prevent silicon growth on other material such as aluminum and
nickel. We found that the selectivity is very sensitive to the concentration of H> in the gas
mixture, to the radio frequency plasma power and to the electrode temperature. As a result,
a slight change in the PECVD conditions (such as the increase of plasma power from 10 W
to 15 W or the electrode temperature from 100°C to 175°C) would cause the deposition of
pe-Si on AlOy surfaces. In addition to the plasma conditions, we observed a sensitivity of

the AS-PECVD process to the surface contamination and plasma walls condition.
Plasma-surface interaction

Under AS-PECVD conditions, plasma species, most likely via creation of volatile
compounds on the SiOxNy surface, create favorable sites for Si nucleation. At the same time
those plasma species react with the AlOx surface creating strong Al-F bonds in the form of
a very stable AlF3 layer, preventing the nucleation of Si. This AlF3 layer also enhanced the

wettability of AIOy surface.

In general, PECVD is not a surface-dependent technique and deposition should occur

on any kind of material. As an exception, Ar/SiF4/H, PECVD becomes surface-dependent
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under area selective deposition conditions. In order to understand the particularity of this
plasma, series of experiments using different RF excitation frequencies with constant plasma
powers were done. However, we found that the mechanism is more complicated than

expected and further measurements are required.
Use of area-selective PECVD on patterned samples.

The last part of this work was dedicated to fabrication of patterned samples and the
study of their sensitivity towards the AS-PECVD process. We found that a plasma
pretreatment of O and N> plasma is necessary to obtain selective deposition of
microcrystalline silicon on SiOxNy versus AlOx. The role of O, plasma was to remove
contamination derived from fabrication process. However, Si normally does not grow on
SiOxNy areas after the treatment, as O> plasma changes the chemical composition of these
areas. As N2 plasma, when performed after O, plasma treatment, modifies again the
composition of SiOxNy in such a way that restores selectivity again. It is not just the SiOxNy
composition that varies with plasma treatment but also the surface wettability. In fact, O>

plasma enhances the wettability of the SiOxNy while N2 plasma reduced it.

Our AS-PECVD process provides selectivity on SiOxNy feature dimensions down to
15 um. The structure and the morphology of the deposited microcrystalline silicon differ

from large areas to smaller ones, while growth rate does not change.
Perspectives.

Some of the results that we observed during my PhD were not interpreted and it
would be good to study them to gain better understanding of the selective process. Namely,
(i) study the relationship between surface free energy and plasma chemistry or (ii) find an
explanation on the sensitivity of our AS-PECVD process to the macroscopic distribution of

AlOy and SiOxNy areas on the substrate, as it is a strange observed effect.

Furthermore, measuring ion energy distribution function for non-selective plasma
conditions i.e. for plasma power of 15W, electrode temperature of 175°C or H> gas flow

above 20 sccm, could help correlate the role of the ions in the plasma in obtaining selectivity.
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Conclusion and perspectives

As was mentioned in the manuscript, the patterned substrates prepared for small
features have low resolution, so it is worth to fabricate samples with higher quality. It could

be also interesting to try AS-PECVD process on area dimensions far below 10 pm.

Since the current area selective deposition research is confined mostly to the Atomic
Layer Deposition technique (ALD), it would be interesting to generalize our AS-PECVD to
be able to apply it in an area selective plasma enhanced ALD (PEALD) approach.

Finally, it could be useful for technological application to study new precursors to
allow the selective deposition of other materials, for example metals. In addition, extending
the application of the AS-PECVD process to solar cell fabrication by combining it with the
localized plasma process developed in the laboratory using a patterned power electrode

could be beneficial.
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Thermal evaporation and sputtering techniques
Optical Emission Spectroscopy and X-Ray Diffraction Spectroscopy

Unexplained images in Scanning Electron Microscopy
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lon Energy Measurements
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Appendix A

Thermal evaporation and sputtering technigues

Thermal evaporation deposition technique consists in heating materials (usually in
the form of powders, grains or pellets) in a vacuum chamber until reaching their evaporating
point. The material vapors will traverse the distance between the crucible/boat and substrate
(typicaly several tens of centimeters) more or less following Knudsen’s cosine law of
molecular flow into vacuum and condense then on a relatively cold substrate forming a thin
film (for more details about thermal evaporation technique see references [1]). In our case,
a Boc Edwards A306 thermal evaporator was used and its schematic representation is given
in Fig. ALl. The metals are held in a tungsten boat (W is a refractory metal that can be used
at the temperatures up to 2500 °C) and are evaporated by heaing the boat applying a high

electric current through it. A high energy electron beam can also be used to evaporate solids.

< Substrate holder
< Substrate
AAd4
TT | - Vapor flux
Y < Clips connected to high
I\% current source
\ Tungsten boat filled with

material to be evaporated
Vacuum

Figure Al Schematic representation of thermal evaporator chamber

Magnetron sputtering technique is another physical vapor deposition method for
depositing thin film used in this thesis. It is based on sputtering a target material by energetic
ion bombardement in a low-pressure magnitized plasma. The atoms are ejected from the
surface of the target by impinging heavy (usually Ar*) gaseous ions, traverse the distance

between target and substrate (typically several centimeters), reach the substrate surface and
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condens on the surface forming thin layer. Magnetron sputtering uses a strong magnet,
placed behind the target to confine the electrons generated in argon plasma (at the pressure
in order of a millitorr) near the target surface. By confining the plasma near the target, higher
density of electrons (and ions) is reached where it is needed for higher sputtering rate and to

prevent any resputtering of the deposited material [2-4].

Substrate

K /

L r’“\
Target. . .

Figure A2 Schematic representation of RF magnetron sputtering (adapted from [3] ).
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Appendix B

B1 Optical Emission Spectroscopy

Optical Emission Spectroscopy is an analytical technique used to get the information
on the composition of the plasma. The certain number of excited and ionized molecules and
atoms in the plasma emit photons during de-excitation that can be detected by a
spectrometer. Those emissions have distinct energy spectra, which allow to attribute the
emission lines to specific species. Analyzing the full emission spectra of the plasma we may
identify its major constituents. The 13.56 MHz Ar plasma emission spectra recorded in

ATOS reactor at following conditions is presented in Fig. B1.
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Figure B1 Emission spectra of Ar in ATOS reactor.

Optical system usually focusses collected light into an optical fiber, that is used to
guide the light to a diffracting grating-based spectrophotometer. The diffraction grating in
the spectrometer splits the light and images it to the detector that measures the intensity of
light for each wavelength. The measured peak position will thus depend on the composition
of the plasma (presence of certain species) and intensity on species concentration, power,
injected to the plasma, transparency of the optical system and grating design and quantum
efficiency (sensitivity) of the detector to the photons of particular energy. With each specie
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having a set of specific emission wavelengths, by analyzing this emission spectrum, we can

get idea on what is happening in the plasma.

B2 X-ray diffraction.

X-Ray Diffraction is an experimental method to determine the atomic and molecular
structure of a crystal. It consists of illuminating the sample with an X-Ray beam. The signal
observed is related to the atomic structure of the sample. The principle is: when X-Ray beam
interact with the electrons presented in the sample a diffraction happens due to the small
wavelength comparable with the size of the electron in a sample; the process is known as
elastic scattering. Hence when moving the illumination source and the detector, constructive
and destructive interferences will occur depending on the position of the electron and
therefore the atomic structure of the sample. On the detector side the signal varies for very
specific angles (Fig. B2). The interferences between the light scattered from the electron
structure and the incident beam follow Bragg law. The angular distribution of the detected

signal allows to retrieve the structure of the sample.

Incident X-rays Diffracted X-rays

Constructive interference when
nA=2d sin©
Bragg’s Law

Figure B2 X-ray diffraction principle. [Credits: https://wiki.anton-paar.com/at-
de/roentgendiffraktion-xrd/ ]

In this work, we used grazing incidence x-ray diffraction mode (Fig. B3) where the

incident beam is fixed at a small angle with the sample surface and the detector is moving.
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This geometry enhances the diffraction intensity of a thin film while reducing the signal

from the substrate [1].

(a) (b)

Source Detector

T, A F]lm

Substrate

Figure B3 Schematic of (a) conventional and (b) grazing incidence x-ray diffraction (extracted
from reference [1])
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Appendix C

Unexplained SEM images

Those donut shaped structures were found, for some cases, on patterned samples on AlOx
area. A curiosity.
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Appendix D

lon Energy Measurements

A Semion Retarding Field Energy Analyser (RFEA) by Impedans was used to measure the
ion flux and the ion energy distribution function (IEDF) hitting the substrate. The analyser
is made of four grids (GO, G1, G2 and G3) and a collector plate (C) as shown in figure D1.
GO prevents plasma formation within the RFEA and is equal to Vdc. G1 repels electrons
coming from the plasma that enter into the sensor. G2 discriminates the ions based on their
energy. G3 creates a retarding potential for secondary electrons that can be emitted from the
surface of the collector. C is the collector electrode that attracts the ions for detection. In our
case, the button probe sensor was mounted on the grounded electrode to measure plasma ion
flux and energy under ASD conditions, i.e. 200/14/20 sccm of Ar/SiFs/H, gas fluxes,
electrode temperatures of 100°C, power of 10 W, and pressures of 0.3 Torr and 1.5 Torr. We
chose G1=C=-50V, G3=-60V, G0=0V (sensor is mounted to the grounded electrode) and
G2 range=[-60V, +60V] with 1.0 V step.

Figure D1 Semion RFEA structure (credits: Impedans Ltd, Semion Technical,

www.impedans.com)
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Figure D2 shows the current-voltage (V) curve and its first derivative for low pressure (0.3
Torr) and high pressure (1.5 Torr). By comparing the two graphs we can notice that the data
are exploitable for low pressure but it is not the case for high pressure-the conditions that are
more useful to our application.
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Figure D2 Current-voltage (IV) curve and its first derivative for a pressure of (a) 0.3 Torr and (b)
1.5 Torr under ASD plasma conditions
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Résumeé de la these

L’industrie des semi-conducteurs fait face au défi complexe de la miniaturisation qui
nécessite de fabriquer de motifs de ’ordre de la dizaine de nanométres (nm). Cette fabrication
s’avere en outre colteuse et méme parfois impossible a cette échelle avec les techniques de
photolithographie actuelles. Le développement de procédés de dépbt par croissance sélective
(Area-Selective Deposition ASD) est une solution prometteuse et attractive permettant la reduction
des étapes de préparation ce qui engendre une diminution du co(t et du temps de fabrication. Cette
approche « bottom-up » contréle et localise la croissance d’une couche mince sur une zone bien
spécifique du substrat. En d’autres termes, le procédé ASD en lui-méme est intrinséquement congu
pour favoriser le dépdt sur une zone du substrat appelée « zone de croissance » et empécher le
dépot sur la « zone de non croissance » (les deux zones sont constituées de deux matériaux
différents). Les principaux techniques utilisées dans ce domaine sont la technique de dép6t de
couche atomique (ALD) et la technique de dép6t chimique en phase vapeur (CVD). Les approches
ASD consistent soit en la désactivation de la zone de non croissance par des molécules chimiques
; soit en I’activation de la zone de « croissance » par des traitements plasma. Le dépét sélectif peut
étre également réalisé en combinant le dép6t et la gravure dans un méme procédé en se basant sur
le délai de nucléation entre deux matériaux différents. L'objectif de ma thése était de développer
une nouvelle approche ASD en utilisant une technique de dépdt chimique en phase vapeur assisté
par plasma (PECVD).

La premiéere partie de la thése exploite la chimie du plasma Ar/SiF4/H2 qui permet la
croissance sélective et locale de couches minces de silicium microcristallin (uc-Si) sur une surface
d'oxynitrure de silicium (SiOxNy), tandis que pour les mémes conditions de plasma, la croissance
du pc-Si n’est pas assurée sur une surface d’oxyde d’Aluminium (AlOy), sachant que les deux
matériaux se trouvent sur le méme substrat de silicium. Nous avons constaté que cette sélectivité
ne pourrait étre obtenue que pour des conditions de plasma spécifiques, appelée les conditions AS-
PECVD. Notamment la sélectivité est tres sensible a la concentration de H> dans le mélange de
gaz, a la puissance radiofréquence du plasma et a la température des électrodes. Notre approche

basée sur le plasma, est une méthode simple qui ne nécessite qu'une seule étape pour déposer



sélectivement 55 nm de pc-Si sur SiOxNy (vérifier par I’ellipsometrie) pendant une durée
relativement courte (20 minutes) par rapport aux approches alternatives basées sur la technique
« Atomic Layer Deposition » (ALD). Les mémes conditions AS-PECVD assurent le dépot sélectif
sur différents matériaux, notamment sur les métaux. Dans cette section, nous avons également
montré des cas ou le dép6t plasma Ar/SiF4/Hz n'est pas sélectif, ce qui signifie que la croissance
du silicium a eu lieu a la fois sur les zones SiOxNy et AlOx. Par exemple, I'augmentation de la
puissance du plasma de 10 W a 15 W ou la température des électrodes de 100°C a 175°C entraine
le dép6t de pc-Si sur des surfaces AlOx.

Dans la deuxiéme section, nous nous sommes concentrés sur les chimies de surfaces du
SiOxNy et AlOx afin de comprendre 1’origine de notre procédé AS-PECVD. Les techniques basées
sur la spectroscopie aux rayons X (X-ray Photoelectron Spectroscopy - XPS et Energy Dispersive
X-ray spectroscopy - EDX) ont permis de détecter une grande quantité d'atomes de fluor sur la
zone AlOx suite a la formation de liaisons Al-F au-dessus de cette zone. Par conséquent, le plasma
Ar/SiF4/H2 sous les conditions AS-PECVD crée un « masque chimique » d'AlFz empéchant la
nucléation du silicium microcristallin sur la zone AlOx. Au niveau du plasma, en général, la
PECVD est une technique indépendante de la surface et le dépbt se produit sur tout type de
matériel. Pourtant, le plasma Ar/SiF4/H, sous des conditions particuliéres (conditions de dépot
sélectif), est devenu dépendant de la surface. Donc, pour comprendre la particularité de ce plasma,
des séries d'expériences avec différentes fréquences d'excitation RF pour une puissance de plasma
constante ont été faits. En effet, en variant la fréquence, I’énergie de bombardement ionique change
ce qui peut affecter la sélectivité. Cependant, nous avons constaté d’aprées ses expériences que ce
n’est pas simplement I’énergie de bombardement ionique qui entraine la croissance de silicium sur
la zone AIOy. C’est probablement di au flux d’espéces de plasma arrivant sur les surfaces qui

augmente avec l'augmentation de la puissance du plasma.

La derniére section s’intéresse a I'application du procedé AS-PECVD sur des échantillons
présentant des motifs, fabriqués par photolithographie, pour vérifier la sensibilité de notre procédé
vis-a-vis les dimensions de surface. La préparation de ces motifs engendre des contaminations sur
les surfaces, ce qui nécessite des étapes supplémentaires de nettoyage par plasma d’oxygéne et
d’activation de la surface de « croissance » par plasma d’azote. Les analyses XPS et les mesures

d’angle de contact ont montres que les traitements en plasma modifient la composition chimique



des surfaces SiOxNy et AlOx ainsi que leurs mouillabilités. Nous montrons que le procédé de dépot
par croissance sélective est possible sur des surfaces de SiOxNy de petites dimensions (de l'ordre
de 15 pum). La structure et la morphologie de la couche uc-Si déposée sélectivement sur SiOxNy
varie en fonction des dimensions de la surface. Elle consiste d'un mélange de grains petits et
moyens sur un trait de 50 um, de grains gros et dispersés sur un trait de 15 um et de grains petits
et denses sur les zones "loin du motif”. Méme si la morphologie et la structure du pc-Si sont

modifiés avec la dimension des motifs, le taux de croissance reste lui constant.

Pour conclure, le dépdt chimique en phase vapeur assisté par plasma est une technique
potentiellement utile pour réaliser un procédé de dépdt par croissance sélective ou ASD grace a
I'utilisation d'un précurseur de dépdt fluoré. Dans cette these, nous avons pu : (i) identifier une
fenétre de procédé pour lagquelle le dépdt sélectif par PECVD pourrait étre obtenue, (ii) comprendre
le mécanisme derriere cette sélectivité, et enfin (iii) verifier la sensibilité du procédé aux petites
dimensions de surface. Puisque la sélectivité est possible sur de petites surfaces, ce procédé
PECVD de dép0bt par croissance sélective peux étre potentiellement employer pour la fabrication
de dispositifs a base de semi-conducteur nécessitant des étapes de dépdt localisé. De plus, il peut

étre un bénéfice dans la fabrication de cellules solaires.

Mots clés : Dépét par croissance sélective, PECVD, semi-conducteurs, silicium-microcristallin,

analyse-de-surface
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Titre : Dépot par croissance sélective de silicium microcristallin par PECVD : Origine physique,

défis et solutions.
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Résumé : Cette thése de doctorat est consacrée
d’une part a la démonstration d'un nouveau
procédé de dépot par croissance sélective
utilisant la technique de dépdt chimique en
phase vapeur assisté par plasma (PECVD) et
d’autre part a la compréhension de son origine
physique. Sous des conditions bien spécifiques
appelées AS-PECVD, le plasma Ar/SiFi+/Hs
permet la croissance sélective et locale de
couches minces de silicium microcristallin
hydrogéné (uc-Si:H) sur une surface
d'oxynitrure de silicium (SiOxNy), tandis que la
croissance du pc-Si :H n’est pas assurée sur une
surface d’oxyde d’Aluminium (AIOx). Les
mémes conditions AS-PECVD assurent le dépot
sélectif sur différents matériaux, notamment sur
les métaux.

En dehors de ses conditions, le plasma
Ar/SiF4/H, n'est pas sélectif, ce qui signifie que
la croissance du silicium a eu lieu a la fois sur
les zones SiONy et AlOx. Des techniques de
caractérisation de surface par rayons X ont
détectées une grande quantité d'atomes de fluor
sur la zone AlOy. Ce qui suggere la formation
de liaisons Al-F empéchant la nucléation du pc-
Si :H sur la zone AlOx.

Le procédé AS-PECVD a été appliqué a des
échantillons a  motifs  fabriqués  par
photolithographie. La sélectivité est possible sur
des surfaces de SiOxN, de petites dimensions
(de l'ordre de 15 pm) ce qui peut étre un
bénéfice dans la fabrication de semi-
conducteurs.

Title: Area selective deposition of microcrystalline silicon by PECVD: physical origin, challenges

and solutions.

Keywords : Area-selective-deposition, PECVD, semiconductors, microcrystalline-silicon, surface-

analysis

Abstract : This PhD thesis is devoted to the
demonstration of a new area selective
deposition process based on the plasma
enhanced chemical vapor deposition (PECVD)
technique and to understanding the physical
origin behind it. For specific plasma conditions,
which we term AS-PECVD conditions,
Ar/SiF4/H, plasma selectively and locally
deposit hydrogenated microcrystalline silicon
(pnc-Si:H) thin films on silicon oxynitride
(SiO«Ny) while preventing their growth on
aluminum oxide (AlOx). The same AS-PECVD
conditions provide selectivity on different
materials as well, notably on metals. While
outside AS-PECVD conditions, Ar/SiF4+/H,
plasma deposition is not selective meaning that

silicon growth occurred on both SiO«N, and
AlOy areas. X-ray spectroscopy based
techniques were able to detect a large quantity
of fluorine atoms on AlOy area. This is due to
the formation of Al-F bonds on top of this non-
growth area preventing the nucleation of pc-
Si:H on it.

The AS-PECVD process was applied to
patterned samples fabricated by
photolithography. Selectivity was achieved on
smaller SiO«Ny, features (on the order of 15
um). Therefore, it remains possible that AS-
PECVD can be used for semiconductor device
fabrication at even smaller scales.
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