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“In life, everything is possible. You might have less talent, you might have fewer
qualities, you might have less money, but if you want, if you work, if you fight, if you
!77

believe, well, you can do it. However, be careful. It is not a miracle. It is hard work

— Walid Regragui.

“Growth is in a series of mistakes. That’s the only way you learn.”

— Steve Harvey.

“Slowly is the fastest way to get to where you want to be; the top of one mountain is
the bottom of the next, so keep climbing.”
— André De Shields.
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Abstract

Due to their attractive properties, silicon nitride (SiNy) based films have been recog-
nized as essential dielectric films in the microelectronic and optoelectronic industries.
In this PhD thesis, we describe how we can control the refractive index and the me-
chanical properties of SiNy and silicon oxynitride (SiOyNy) films by tuning the deposi-
tion process parameters. We use two different plasma-enhanced chemical vapor depo-
sition reactors: a standard capacitively coupled reactor with radiofrequency excitation
and an electron cyclotron resonance reactor with microwave excitation. We discuss
the fabrication and characterization of multilayer structures as an optical application
of our thin films. We focus on characterizing and understanding these thin films’ op-
tical properties through spectroscopic ellipsometry. We also study their mechanical
properties experimentally using the wafer curvature measurement technique, micro-
structure fabrication, and nanoindentation measurements.

Finally, we show accurate measurements of the strain distribution induced within
GaAs wafers when such thin films are structured in the shape of elongated stripes of
variable width, using standard optical lithography and plasma etching. For this, we
map the anisotropic deformation, measuring the degree of polarization of the spectrally
integrated photoluminescence (PL) generated within GaAs by excitation with a red
laser. PL from bulk cubic semiconductors such as GaAs is unpolarized, whereas ani-

sotropic strain produces some degree of polarization. These maps were measured either
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from the semiconductor surface or from cleaved cross-sections. They provide a detailed

and complete image of the crystal deformation in the vicinity of the structured stressor

film. Then, we performed some finite element simulations trying to reproduce the

experimental maps. We believe our simulation scheme is helpful for designing the

photonic components, e.g., to predict the local changes in the refractive index due to

the photoelastic effect.
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Résumé

Les couches minces diélectriques telles que le dioxyde de silicium SiOs et le nitrure de
silicium SisNy font partie intégrante de nombreux dispositifs microélectroniques, pho-
toniques et optiques. Ils sont utilisés pour leurs intéressantes propriétés électriques,
optiques, mécaniques et thermiques. Nous pouvons les trouver dans les transistors, les
mémoires, les guides d'ondes optiques, les lasers a semi-conducteurs et les applications
de cellules solaires en tant que revétements isolants, antireflets ou passivant. Il existe
différentes techniques de dépot pour fabriquer de tels couches diélectriques, parmi
lesquelles le dépot chimique en phase vapeur assisté par plasma (PECVD) est large-
ment utilisé pour déposer des couches diélectriques amorphes hydrogénés a basse tem-
pérature (<300 °C) compatibles avec plusieurs matériaux sensibles aux hautes tempé-
ratures comme les semi-conducteurs III-V ou les substrats flexibles. Les réacteurs
PECVD offrent une grande adaptabilité des propriétés des couches en fonction des
parametres de dépot. Ainsi, il est possible de combiner plusieurs caractéristiques phy-
siques et de donner plusieurs fonctions aux mémes couches diélectriques en contrdlant
leurs conditions de dépot.

Parmi les nombreuses propriétés intéressantes des couches diélectriques, les propriétés
optiques et mécaniques des couches de nitrure de silicium amorphe SiNy et d'oxyni-

trure de silicium SiOxNy ont principalement retenu notre attention dans cette these.
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L'objectif de ce projet de recherche était de comprendre les principaux facteurs con-
tribuant a ajuster les propriétés des couches PECVD a base de SiNy pour fabriquer
des structures multicouches fonctionnalisées optiquement et d'accroitre la connais-
sance de la distribution des contraintes induites par les couches minces structurées sur
des substrats semi-conducteurs. Par conséquent, nous aidons a développer des procé-
dés de fabrication efficaces pour les dispositifs optoélectroniques tels que les filtres
optiques et les guides d'ondes photoélastiques.

Ce projet de recherche est développé dans un cadre de collaboration franco-canadien,
entre 1'Université de Rennes et 1'Université McMaster. La collaboration offrait un ac-
ces a différentes techniques de dépot a base de couches minces diélectriques SiNy et
SiO«Ny. Nous avons utilisé deux réacteurs PECVD : un réacteur commercial a couplage
capacitif (CC) PECVD (Corial D250) situé sur le site de Nano-Rennes, au sein de
I'INSA Rennes en France et un réacteur a résonance cyclotron électronique (ECR)
PECVD situé a 1'Université McMaster au Canada.

Durant cette these, nous nous sommes d'abord concentrés sur les techniques de dépot
(CC PECVD standard et ECR PECVD) pour obtenir le meilleur contréle possible des
propriétés optiques et mécaniques des couches minces diélectriques. Ensuite, nous
avons utilisé une grande variété de techniques expérimentales disponibles dans diffé-
rents laboratoires pour mesurer ex-situ les propriétés des couches minces elles-mémes
(telles que l'ellipsométrie, la nano-indentation et la profilométrie) ou pour caractériser

le matériau semi-conducteur au voisinage du diélectrique structuré en utilisant (micro-

8
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PL, micro-Raman). Nous décrivons comment nous contrélons l'indice de réfraction,
les contraintes résiduelles, le module d'élasticité et la dureté des couches & base de
SiNi en ajustant certains parametres du processus PECVD. Ensuite, nous avons étudié
les propriétés optiques des couches minces en utilisant 1'ellipsométrie spectroscopique
a angle variable. Les propriétés mécaniques des couches minces, telles que la contrainte
résiduelle, la dureté et le module de Young, ont été principalement estimées a partir
de mesures de courbure de substrat et de nano-indentation. Ces caractérisations nous
ont permis d'avoir des conditions idéales pour ajuster les propriétés optiques de nos
couches et fabriquer des structures multicouches optiquement fonctionnalisées.

Nous avons également pu déposer des couches minces avec des contraintes mécaniques
bien controlées, utilisées comme couches de contraintes sur différents substrats. Nous
avons également décrit notre approche de la détermination des propriétés élastiques
(principalement le module d'"Young biaxial) des couches minces diélectriques, basée
sur la combinaison d'un large panel de techniques.

Nous avons étudié l'impact de la contrainte générée par une couche contrainte de SiNy
structurée sur la surface de semi-conducteurs III-V a l'aide de mesures de photolumi-
nescence (PL) & résolution spatiale. Nous avons fabriqué a la demande des rubans de
SiNy avec contrainte résiduelle et étudié leur influence sur le substrat. Nous avons
également abordé la modélisation de la distribution des contraintes mécaniques in-
duites dans les matériaux semi-conducteurs par la présence de structures diélectriques

en couches minces. La comparaison entre les résultats expérimentaux et les simulations

9
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obtenus par COMSOL Multiphysics® était satisfaisante. Une caractéristique impor-
tante de notre approche est que nous pouvons déterminer différents éléments du ten-
seur contrainte/déformation a l'aide de notre panel de techniques expérimentales,
telles que la mesure a la fois de la partie isotrope (c’est-a- dire le changement de
volume) a l'aide de la spectroscopie micro-Raman et de la partie anisotrope de la
déformation a l'aide de mesures du degré de polarisation de la PL, ainsi que la carto-
graphie de ces contributions avec une résolution micrométrique. Enfin, ce projet de
recherche souligne l'importance de maitriser toutes les étapes (simulation, fabrication
et caractérisation) de la stratégie globale pour mieux prédire les caractéristiques finales
des dispositifs optiques et photoniques par ingénierie des contraintes tel que la varia-

tion de l'indice de réfraction des matériaux contraints.

10
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1. Introduction

Dielectric thin films such as silicon dioxide SiO, and silicon nitride SisNy are integral
to many microelectronic, photonic, and optical devices. They are used for their inter-
esting electrical, optical, mechanical, and thermal properties[1-4]. We can find them
in transistors, memories, optical waveguides, semiconductor lasers, and solar cell ap-
plications as insulating, anti-reflection, or passivating coatings. There are various dep-
osition techniques to fabricate such dielectric films, among which plasma-enhanced
chemical vapor deposition (PECVD) is widely used to deposit hydrogenated amor-
phous dielectric films at low temperatures (<300 °C) compatible with several materials
sensitive to high temperatures such as III-V semiconductors or flexible substrates [5].
PECVD reactors offer a high tunability of films’ properties according to the deposition
parameters. Therefore, it is possible to combine several physical characteristics and
give several functions to the same dielectric films by controlling their deposition con-
ditions.

We can also modify the films’ optical properties to fabricate optical devices such as
optical filters or waveguides by modifying their density or stoichiometry. We can
change their mechanical and tribological properties to enhance the performance and
reliability of some semiconductor materials. For instance, it is possible to introduce

intentional residual stresses in dielectric thin films grown on semiconductors to
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increase carrier mobility in complementary metal-oxide-semiconductor (CMOS) de-
vices [6], so-called strain engineering.

Strain engineering was proven to help improve advanced CMOS technologies [7]. Thus,
understanding the impact of strain on the optical properties of materials is essential
to developing integrated photonic circuits and facilitating their industrialization on a
large scale. On the one hand, unintentional mechanical stress in semiconductor devices
causes undesirable deformations and complicates certain components’ designs. These
mechanical stresses are thus considered a limiting factor that reduces the performance
and the lifetime of photonic devices. On the other hand, the controlled mechanical
strain generated by a thin dielectric film can modify the properties of semiconductor
devices on-demand, opening the way to developing new concepts in materials engi-
neering.

Examples of the positive impact of strain engineering on optoelectronic devices are

discussed in the next part.
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1.1. Strain engineering in optoelectronics

Integrating dissimilar materials such as Si, Ge, III-V semiconductors, and Si-based
dielectric thin films is important to the fabrication of optoelectronic devices. Combin-
ing all these heterogeneous materials on an industrial level presents new challenges in
fabrication, characterization, and modeling. In this work, we are mainly interested in
the role strain engineering can play in enhancing the performance of optoelectronic
devices.

For example, strain in semiconductor waveguides can change the geometrical proper-
ties of the optical mode, change a single-mode waveguide into a multimode one, change
the waveguide’s polarization properties, and affect its propagation losses [8]. Strain
engineering also allows the easy fabrication of photoelastic waveguides used in a wide
range of semiconductor devices, such as electro-optical modulators [9], directional cou-
plers [10], semiconductor laser diodes [11], and integrated optical devices in general.
It is known that etching and ion-implantation significantly affect the material’s struc-
ture by changing the surface topology [12] or implantation-induced damage [13], re-
spectively. Thus, waveguides technologies using these processes set restrictions on the
design because it is necessary to maintain the material’s surface intact to allow the
integration of other devices in the vicinity of waveguides.

For that reason, photoelastic waveguides seem particularly interesting as an alterna-

tive technology for generating planar waveguides that do not require doping or
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damaging the substrate and leave the material surface intact. Photoelastic waveguides
use the photoelastic effect to change the refractive index of the guiding layer using a
controlled mechanical deformation induced by a stressor layer. We also use photoelas-
ticity in some applications to experimentally determine stress distribution in stressed
materials [14].

Westbrook et al. [15] reported photoelastic waveguides in GaAs-based structures, as

shown in Figure 1.

Si0, ) 15 3
/ 2 n-GaAs ~ 10 c¢m
/
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Figure 1: Photoelastic waveguides using a compressive SiO, stressor stripe deposited onto a

surface planar waveguide in a GaAs-based structure [15].

The photoelastic waveguide is produced by introducing strain locally into a semicon-
ductor material by depositing a SiO, stressor layer in compression onto a planar GaAs
waveguide structure. The deformation of the semiconductor induces variations in the
refractive index beneath the stressor stripe. We note that the guiding layer’s photoe-
lastic properties and the stressor stripe’s nature define the shape of the guiding regions

and the properties of the waveguide. For example, the same work [15] demonstrated
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that the number of guided modes in these waveguides depends mainly on the stripe
width.

We also find strain engineering in physics related to the quantum confinement of
charge carriers. It has become a powerful tool to tune optoelectronic characteristics,
such as gain and polarization of stimulated emission of quantum well (QW) lasers. An
epitaxial strain is generally introduced in QWs during the growth of active layers to
optimize the performance of diode lasers and increase their gain [16]. As a result,
strained lasers need less current modulation to obtain a given modulation in the output
power and can operate at higher modulation frequencies.

The strain changes not only the gain but also the polarization of the emitted light
from the QWs. It has been reported in [17] that compressively strained QWs amplify
light polarized in the plane of the well, i.e., in the transverse electric (TE) mode. In
contrast, QWs in tensile strain provide more gain to light polarized in the direction
perpendicular to the plane of the well, in the transverse magnetic (TM) mode. There-
fore, if we can locally control the stress in a multilayer structure of QWs by alternating
layers in compression and tension, as shown in Fig. 2a, we can produce a mechanically
stable QW structure that amplifies both polarizations equally [17], [18]. For instance,
Fig. 2b shows that we can build a polarization-insensitive semiconductor optical am-

plifier over a wide spectral range from 1475 nm to 1575 nm.
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Figure 2: A series of compressive and tensile films can be designed to be mechanically stable
(a) and equally amplify both TE and TM modes to produce polarization-insensitive semi-

conductor optical amplifiers as shown in (b) [16-18]

Here we only underline the importance of strain engineering in designing optimized
optoelectronic devices. Many other examples of strain engineering applications in op-

toelectronics can be found in the literature [19,20].
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1.2. Thesis objectives and methods

Among the many interesting properties of dielectric films, the optical and mechanical
properties of amorphous silicon nitride SiNy and silicon oxynitride SiOxNy films mainly
attracted our attention in this Ph.D. project.

The objective of this thesis is to understand the main factors contributing to tuning
the properties of PECVD SiNy-based films to fabricate optically functionalized multi-
layer structures and increase the knowledge of strain distribution generated by dielec-
tric thin film structures on semiconductor substrates. Hence, we help develop efficient
strain engineering techniques for optoelectronic devices such as optical filters and pho-
toelastic waveguides.

This research project is being developed in a Canadian — French collaboration frame-
work, including studies with different deposition techniques based on SiNy and SiO.Njy
dielectric thin films. We have used two PECVD reactors: a commercial capacitively
coupled (CC)-PECVD reactor (Corial D250) located at the Nano-Rennes facility,
within INSA Rennes in France and a “custom-designed” electron cyclotron resonance
(ECR)-PECVD reactor located at McMaster University in Canada.

In this work, we describe how we control the refractive index, residual stresses, elastic
modulus, and hardness of SiNy-based films by tuning certain PECVD process param-
eters. Then, we investigated the optical properties of thin films using variable angle

spectroscopic ellipsometry (VASE). The thin films’ mechanical properties, such as
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residual stress, hardness, and Young’s modulus, were mainly estimated from wafer
curvature and nanoindentation measurements. These characterizations allowed us to
have ideal conditions to adjust the optical properties of our films and fabricate opti-
cally functionalized multilayer structures. We were also able to deposit thin films with
well-controlled mechanical stress used as stressor layers on different substrates.

We studied the impact of strain generated by a structured stressor SiN film at the
surface of III-V bulk semiconductors using spatially resolved photoluminescence (PL)
measurements. We also compared the experimental measurements with the simulation
results obtained by COMSOL Multiphysics®.

This research emphasizes the importance of controlling all the steps (simulation, fab-
rication, and characterization) of the overall strategy to predict better the final char-

acteristics of optical and photonic devices using strain engineering.
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2. Strain Engineering of Thin Films

2.1. Introduction

Strain engineering is a mechanical approach to modifying the physical properties of
semiconductors on demand. This Chapter provides a brief overview of the most com-
mon strain engineering applications in semiconductor devices. For this reason, we dis-
cuss how strain impacts the properties of semiconductor crystals. Then, we discuss the
stress-transfer techniques used in the semiconductor industry to introduce a controlled
strain in crystalline and amorphous thin films. As our work mainly focuses on stress
generation in amorphous SiNy-based stressor layers fabricated by PECVD, we also
present in this Chapter the CC-PECVD and ECR-PECVD reactors used during this

Ph.D. project.

2.2. Strained semiconductors

The effect of strain on semiconductors has been studied since the 1950s. Shockley and
Bardeen introduced in their paper the gradual shifts in energy bands resulting from
the crystal lattice deformations under stress [21]. Nevertheless, the mechanical strain
was mainly related to undesirable defects, dislocations, impurities, and delamination.
A few decades later, some studies [22,23] showed a mobility enhancement in strained
Si/Sii«Gex metal-oxide-semiconductor field-effect transistors (MOSFET) caused by

the lattice mismatch in the epitaxial heterostructures. Thus, strain engineering became
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very useful to improve carrier transport efficiency in transistors and advanced CMOS
devices. As shown in Fig. 3, the hole mobility increases as a function of the longitudinal

channel uniaxial tensile strain in p-MOSFETs.
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Figure 3: Strain technology for p-MOSFFETs in different Si technology nodes. The line in the
Figure represents the modeled hole mobility as a function of longitudinal channel uniaxial

tensile strain [7].

Intel adopted the first major strained-Si technologies to enhance microprocessor per-
formances using strained transistors. The first strained Intel 90nm node MOSFET was
presented by Ghani et al. in 2003 [6]. Several stress-transfer techniques have been used
to apply increasingly high stresses on MOS structures. We note that wafer-based bi-

axial strain produced by epitaxial heterostructure has been combined with stressed
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SiN, films to obtain significant advances in the hole mobility in the IBM and AMD p-
MOSFETSs [24], see Fig. 3.

Since the emission of photons is caused by electron-hole recombination and involves
two electronic states, we need to investigate the electronic state properties of materials
to determine their photonic properties. In direct gap materials such as GaAs and InP,
electrons move from the valence band to the conduction band by exchanging only
photons. However, in indirect gap materials such as Si and Ge, carriers must interact
with a phonon and a photon to modify their wave vector, making the transition much
less likely at room temperature. Thereby, direct bandgap materials are more often
used in active optoelectronic devices. To understand the impact of stress on light
emission and absorption, we need to investigate the effect of strain on the band struc-
ture of semiconductors.

Despite their indirect bandgap, group IV semiconductors have attracted much interest
in fabricating light sources for silicon photonics applications. It has been shown in
some studies that strain can transform an indirect bandgap semiconductor such as Ge
into a direct bandgap semiconductor using a SiNy stressor layer in compression [25,26].
The SiN; stressor layers are mainly used for their CMOS compatibility, low-tempera-
ture deposition method (below 300 °C) and can be suitable for some metastable alloys
such as GepSn.. Fenrich et al. [27] demonstrated tensile-strained pseudomorphic
Geoo3sSnoess/ Ge quantum wells in a microdisk resonator using a compressive SiNy clad-

ding. A cross-section of the resulting hydrostatic strain, induced by the stressor SiNj
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layer, is shown in Figure 4a, excluding initial epitaxial strains. We notice that the

stressor layer in compression induces a tensile (positive) strain on the structure after

relaxation.
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Figure 4: (a) Cross-section of the 3D finite element model showing the hydrostatic strain of
a microdisk induced by the SiNy stressor layer; the initial epitaxial strains are not included.
(b) Simulated biaxial strain profiles along the microdisk diameter for the top GeSn QW and

the top Ge cap layer, accounting for initial epitaxial strains. [27]

The hydrostatic and biaxial strain distributions are studied through finite element
simulation (Fig. 4a) and show local biaxial strain transfers as high as 1.3 % at free-
standing microdisk edges in Fig. 4b. According to deformation potential theory, these
strains are sufficient to overcome the original compressive strain in Geg.g34Sng s epitaxy
and reach a direct band gap configuration [27]. Ge is an indirect bandgap semicon-
ductor, with a valence band maximum at the I-point (k=0) of the reciprocal space
and a conduction band with several minima, two of which are very close in energy at

the I'-point and L-point [28]. The offset between the indirect and the direct gap in Ge
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is about 140 meV compared to silicon’s 2.28 eV [28]. Some simulation-based studies
have shown the possibility of turning Ge into a direct bandgap semiconductor by
applying a tensile strain of 2 % [29,30]. Usually, SiN; stressor layers are added to
obtain enough hydrostatic strain to reduce the bandgap and enough shear strain to
lift the degeneracy at k = 0 of the heavy hole (HH) and light hole (LH) valence bands.
We can describe the band degeneracies depending on the nature of the stress.
Nevertheless, we cannot predict which bands will gain or lose energy. Hence the im-
portance of using techniques such as the tight-binding or k.p perturbation theory to
predict, for example, how HH and LH bands warp [31]. It has been demonstrated that
biaxial compressive strain applied to a bulk direct bandgap semiconductor will split
the degeneracy so that the LH gain energy and HH lose energy. The opposite was

observed for tensile strain, see Fig. 5.
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Figure 5: In direct bandgap bulk unstrained semiconductors (a), the HH and LH bands de-
generate at the valence band maximum at the Brillouin zone center I'. Compressive strain

splits the degeneracy so that the highest band is light in the x-y plane of the layer but
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heavy in the z-direction, as shown in (b). The opposite situation is observed for tensile

strain, as shown in (c). [16]

These modifications in the energy band structure of materials lead to radical changes
in their optical properties, affecting optoelectronic devices’ performance, such as emis-
sion wavelength, gain, and quantum efficiency [16]. Strain engineering is used in QW
lasers to improve their performance and make them capable of emitting light with

desirable polarization by introducing epitaxial strain in active layers.
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direction . TE-mode
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Figure 6: A qualitative illustration showing three p-orbitals Py, P, and P, of equal size for
an unstrained bulk semiconductor (a). The variation of the p-orbitals size under biaxial

compression is shown in (b), and under biaxial tension in (c). [16]
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Figure 6 illustrates qualitatively the impact of strain on the size of the three p-orbitals,
Py, Py, and P,, of a bulk direct bandgap semiconductor. First, Fig. 6a shows an un-
strained semiconductor, where holes at the valence band maximum are equally dis-
tributed among the three p-orbitals. Thus, Py, Py and P, contribute the same to pho-
toluminescence (PL). However, when biaxial compressive stress is introduced, the
number of holes in the Py orbital increases (see Fig. 6b), and the PL light is linearly
TE polarized in the x-direction. Under a biaxial tensile strain, almost all holes are in
the P, orbital (see Fig. 6¢), and the semiconductor emits TM polarized PL light in the
x-direction.

We note that the polarization of PL depends on the nature, amplitude, and anisotropy
of the applied stress. Therefore, several characterization techniques of strain are based
exclusively on the study of PL in semiconductors. In micro-PL spectroscopy, the ap-
plied stress will shift the PL spectrum [32], providing information on the hydrostatic
component of strain. At the same time, a measurement of the degree of polarization
(DOP) of PL gives us information about the anisotropic component of the strain [32—
34].

Si, GaAs, and InP have a single isotropic refractive index since they have cubic crystal
symmetry in the undeformed state. However, strain modifies the crystal electronic
structure on a microscopic scale by changing the bond lengths between the atoms,
altering the polarizability of strained semiconductors. For example, a non-hydrostatic

strain transforms the refractive index into a matrix with some degree of anisotropy.
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According to photoelastic theory [35], a linear approximation of the change in the
inverse dielectric function with strain can be described by the photoelastic tensor of
the material. The variation in the refractive index ellipsoid n;; can be related to the

strain g;; in terms of the photoelastic tensor p;; as:

A (i) = pij& (1)

where p;; are the photoelastic constants of the material. In our case, the symmetry of
the cubic crystals such as GaAs, InP, Si, and Ge reduces the number of independent
photoelastic constants to only three p;1, P12 and pay.

Photoelasticity also deals with the birefringence developed in a solid under anisotropic
mechanical strain. In fact, it is a powerful tool for designing polarization-insensitive
optical waveguide devices considering the stress-induced effects [36].

Strain engineering uses a combination of different techniques to apply strain on sem-
iconductor materials and modify their properties. Therefore, we need to discuss the
various methods used to apply controlled stress in semiconductor devices to take ad-

vantage of all the benefits of strain engineering.
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2.3. Stress transfer methods

Residual mechanical stresses can be associated with many parameters during the fab-
rication of semiconductor devices. Strain can be induced throughout the process steps
by Chemical-Mechanical Polishing (CMP) [37], ion implantations [38], thermal an-
nealing [39], and intrinsic stresses in thin films. However, we only study intentional
residual stresses in this part. We describe two approaches for introducing strain in
semiconductor devices: a global one, where stress is generated across the entire sub-
strate’s surface by epitaxial growth in lattice-mismatch systems, and a local approach,
where stress is engineered into the devices by structured dielectric stressor layers.
Global residual stress generally arises due to a lattice mismatch between an epitaxial
film and a substrate. For example, we can deposit a crystalline Si layer on a relaxed
Sii«Gey substrate with a larger lattice constant to apply a tensile strain on the Si
layer. Thus, the amount of strain in the crystalline Si layer can be controlled by the
Ge concentration in the Sii«Ge, substrate. Experimentally, it has been found that
tensile biaxial stress improves electron mobility and compressive biaxial stress im-
proves hole mobility in strained Si [6]. Global stress-transfer techniques have, however,
some limitations in applying both tensile and compressive stress on the same substrate
for different devices such as n-MOSFETs and p-MOSFETs.

In optoelectronics, several global tensile stress-transfer methods into Ge crystalline

layers have been investigated in the literature [40] to create active photonic
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components such as lasers into Si-compatible platforms. However, they are not all
easy to integrate on CMOS-integrated devices.

However, local stress-transfer techniques use stressor layers that apply controlled
stress on specific substrate regions, allowing strain control in every device on the same
substrate. It is possible to create stressor layers either by a thermal mismatch or by
producing layers with built-in stress. We can select the type, amplitude, and region
for the applied strain using lithographic patterning of different layers with different
properties. After etching patterns on the stressor films, the structures will relax and
induce local deformations in the substrate. Later in this work, we will discuss the
influence of this deformation field on direct bandgap semiconductors.

The local stress-transfer techniques using amorphous SiNi-based films are flexible for

strain engineering, and we discuss why in the following part.

42



Ph.D. Thesis - B. Ahammou; McMaster University & University of Rennes

2.4. SiNs-based thin stressor films

SiN-based films are widely used in the microelectronics and optoelectronics industries.
Here we will discuss how we can tune their properties and explain the mechanisms for

stress generation during the deposition of these films.

2.4.1. Silicon nitride properties

Silicon nitride films are used as insulators in thin-film transistors, as passivation layers
to protect integrated circuit devices from moisture and ion contamination [41], and
give interesting properties to integrated optical devices [42].

We can fabricate stoichiometric and thermally stable polycrystalline SisNy films using
low-pressure chemical vapor deposition (LPCVD) at temperatures between 600 and
900 °C where hydrogen is evaporated from the films because of the high temperature.
However, it is challenging to integrate these films in many applications where high
temperatures can damage devices, so instead, we focus in this work on hydrogenated
amorphous SiN; films deposited at low temperatures (less than 300 °C) using PECVD.
Numerous parameters must be controlled to ensure high quality and reproducibility
in PECVD processes, such as the excitation power and frequency, nature of precursors,
concentration and gas flows, plasma pressure, and substrate temperature.

It is interesting to note that thin films give access to many unusual properties that
are impossible with macroscopic materials. Therefore, it is not easy to define unique

physical properties for these films as they can vary significantly as a function of the
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deposition condition. Usually, we use a set of multilayers in the same optical or elec-
tronic device to obtain more complex functionalities. Later in this thesis, we will dis-
cuss how optical filters can be fabricated from a stack of SiNy-based films with different
refractive indices. The tunability of the refractive index of SiNi-based films depends
mainly on the fabrication parameters of the films [33]. We can obtain various proper-
ties on demand by changing the silicon/nitrogen ratio or the hydrogen incorporation
in the SiNy films. For example, it is possible to lower the nitrogen incorporation in
SiN, films to increase the refractive index approaching that of amorphous silicon. We
can also introduce oxygen in SiNy films to reduce their refractive index approaching
that of silicon oxide. This flexibility allows the fabrication of a wide range of photonic
devices such as solar cells’ antireflective coatings, waveguides, and others [43].

One of the important differences between SiNy deposited using a plasma deposition
and SisNy films obtained from a high temperature chemical vapor deposition is the
percentage of hydrogen incorporation. Introducing hydrogen into SiNy films modifies
their structure and density, passivates dangling bonds [44], and reduces the films’

hardness [45].
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Table 1 shows the possible bonds in hydrogenated amorphous SiNx PECVD films and
their associated bond energies.

Table 1: Bond energies in PECVD silicon nitride [46].

Bonds Energies (eV)
Si-Si 2.34
Si-N 3.45
N-N 1.70
Si-H 3.10
N-H 4.05

The SiN films are generally deposited using hydrogenated precursors such as SiHs and
NH; which leads to the presence of Si-N, Si-H, Si-Si, and N-H bonds, as shown in
Table 1. Their configuration depends strongly on the stoichiometry of the films [47,48].
N-H bonds are especially problematic because they act as absorption centers that lead
to undesirable losses at A ~1550 nm as discussed in Ref.[49].

The hydrogen impurities incorporated in PECVD SiNy films come mainly from the
hydrogen present in the deposition precursor gases such as SiHs and NHs. Generally,
NHjs is used as a precursor in standard PECVD recipes for SiNy. However, we can use
N, instead to reduce the available hydrogen in the plasma during thin films’ growth.

This modified recipe, often called NHs-free PECVD, has been demonstrated to be an
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excellent alternative to obtaining layers with low hydrogen content and propagation
losses close to 2 dB/cm without needing high-temperature annealing [49]. Although
we cannot eliminate the presence of hydrogen due to the decomposition of SiHi, we
can assume that the hydrogen level in NHs-free films is low.

Furthermore, it is possible to achieve even lower propagation losses if we optimize the
process parameters for that purpose. In addition to their interesting optical properties,
we can control the mechanical properties of SiNy-based films by modifying the process
parameters. Thus, amorphous SiNy-based films can be used as stressor layers in many
optoelectronic applications in the framework of strain engineering, as discussed earlier.
Therefore, we need to understand the mechanism of stress generation and how to

control mechanical stress in these films.
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2.4.2.  Origin of residual stress in amorphous films

Many studies have been dedicated to understanding the internal stress generation in
amorphous films [50][51]. Most publications have reported the participation of two
components for the residual stress in thin films: thermal stress and intrinsic stress.
The thermal mismatch between the film and the substrate generates stressed films
due to the temperature variation between deposition and room temperature and the
difference between the thermal expansion coefficients of the two materials [52]. Hence,
the deposition of a thin film at a given temperature on a thick substrate causes me-
chanical stresses to appear when the system gets to room temperature.

However, intrinsic stresses appear at the deposition temperature, and according to
Johlin et al. [50], they are mainly the consequence of two components. A compressive
component is related to ion bombardment during deposition, and a tensile component
is associated with the film porosity. Therefore, the deposited films are either tensile or
compressive, depending on the nature of the material deposited and the operating
conditions [53-55], such as deposition temperature, deposition power, and partial pres-
sures of the reactive gases. Many models make it possible to explain the presence of
these residual stresses [56].

First, we will discuss the suggested models to explain the presence of tensile stresses
in polycrystalline and amorphous films. One of the most cited models to explain the

causes of this effect in polycrystalline films is Hoffman’s “grain boundary relaxation”
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mechanism, where a reduction in interfacial energy occurs when individual crystallites
join to form a grain boundary [57]. Nix and Clemens [56] relied on Hoffman’s theory
to develop more advanced models that consider the coalescence of grains at the begin-
ning of growth. They considered an array of two-dimensional crystallites with an el-

liptical shape that merges to form a surface with a cycloid shape, as shown in Fig. 7.
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Figure 7: Crystallite coalescence process, showing the elastic displacements and stresses as-

sociated with forming a continuous film [56].

This approach is based on crystallite morphology and physical phenomena close to
reality. The surfaces of the crystallites spontaneously snap together in a “zipping pro-
cess” as the grain boundary energy is less than the energies of the free surfaces. Even
though Nix and Clemens placed this model in the context of polycrystalline materials,
and it is difficult to speak of “grain boundaries” in amorphous films, recent studies
have shown that this model can also be applied to tensile stresses in amorphous films.

Floro et al. [51] attribute tensile stress in amorphous semiconductor films of Si and
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Ge to the “zipping” phenomenon of nanovoids in the film formed between regions of
high local bond strain and slightly different densities.

On the other hand, the compressive intrinsic stresses are usually related to the “atomic
peening” phenomenon, leading to two main models: Windischmann’s [58] and Davis’s
[59] model. These two models are based on the displacement and implantation of
atoms in the volume of amorphous films during the knock-on linear cascade caused by
the particles incident on the surface, generating volumetric distortions. Due to the
dimensional limitation of the film and its adhesion to the substrate, compressive
stresses appear in the film. Davis’s model adds to this theory the presence of thermal
spikes, i.e., intense local heating in the form of violent atomic movements caused by
the ion bombardment, which explains the relaxation of stresses sometimes observed
when the ion bombardment during growth is very energetic. For this reason, Davis’s
model is generally considered to be the most valid among the theories that explain the

intrinsic compressive stresses in amorphous thin films.

2.5. Thin-film deposition systems used in the thesis

Plasma can be artificially generated by heating or subjecting a neutral gas to
a strong electromagnetic field to the point where the gas becomes ionized and
increasingly conductive to electricity. Usually, we do not generate plasmas by heating
because the reactors cannot withstand the temperature necessary to ionize the gas and
stabilize the plasma. In laboratories, we usually create plasmas by subjecting a gas
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mixture to an electrical discharge. Our PECVD reactors use an electromagnetic field
to accelerate free electrons within a gas mixture. During the inelastic shocks, between
the accelerated electrons and the neutral molecules or atoms present within the gas,
an avalanche of charged particles is created, and the gas molecules are ionized. The
gas goes from an electrically insulating state to a conductive state by producing
charged species. In our work, we are interested in process plasmas, which offer an
excited atomic state to favor chemical reactions, and modify the surface chemical and
physical properties at low temperatures, for example, the etching and deposition
plasmas used in the semiconductor industry.

We distinguish different types of plasmas according to the excitation frequency:
low frequencies (10 to 100 kHz), radio frequency RF (1 MHz to 500 MHz), and very
high frequencies “microwaves MW” (0.5 GHz to a few GHz). Depending on the
frequency used, it is possible to favor ion bombardment on the substrate and control
the deposition rate, film composition, and properties. We focus in this work on a CC-
PECVD reactor with an RF excitation frequency and an ECR-PECVD reactor with

an MW excitation frequency.
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2.5.1.  Capacitively Coupled (CC) PECVD

In this work, we have used a commercial Corial-D250 CC-PECVD reactor composed
of two electrodes in parallel with a spacing between them, where a mixture of SiH4,
NHs;, and Ar was injected. The plasma was ignited with a voltage excitation frequency
of 13.56 MHz. When an isolated substrate is inserted into the plasma, it initially
receives a high quantity of ions and electrons. However, the flux of each species is not
the same due to the much higher mobility of electrons. First, the substrate begins to
charge negatively compared to the plasma until it reaches a stationary state. The flow
of positive ions towards the substrate, also called ion bombardment, balances the
electron flow repelled towards the plasma. A potential barrier surrounds any surface
in contact with the plasma; only the most energetic electrons can cross it. Hence, the
difference between the electrical potential of the plasma region and the floating po-
tential leads to positive ion bombardment onto the surface of the substrate. This
excited atomic state favors chemical reactions and deposits the SiNy-based films. Later

in this work, we present the detailed recipes for each deposited layer and its properties.
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2.5.2.  Electron Cyclotron Resonance PECVD

In our studies, we have also used an ECR-PECVD reactor composed of a magnetron,
waveguide, electromagnet, and an ECR plasma chamber (see Figure 8), where the
plasma is generated remotely from the sample. To deposit SiNy-based films, we used
an NHs-free recipe with a gas mixture of SiHi, Ns, O2 and Ar. Then, the plasma is
ignited when the electron cyclotron frequency matches the microwave frequency in the
plasma chamber. A detailed explanation of the conditions required to satisfy an ECR
resonance can be found in [60]. In our case, we coupled the 2.45 GHz MW from the
magnetron with an 875 G magnetic field produced through solenoid coils and manually
tuned the waveguide's impedance to transfer the maximum MW power to the plasma.
The magnetic field inside the ECR chamber confines the plasma radially and brings
the charged species to the sample's surface to react and produce the SiNy-based films.
Later in this work, we present the detailed recipes for each deposited layer and its

properties.
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Figure 8: Schematic drawing of the interconnection of the main sub-systems of the

ECR-PECVD reactor.

2.6. Conclusions

In this Chapter, we discussed some of the applications of strain engineering in micro-
electronic and photonic devices. Then, we discussed how strain affects semiconductors'
electrical, optical, and mechanical properties. We have shown a global and a local
stress transfer technique to control strain in semiconductor thin films. We also explain
the role of amorphous SiN-based stressor layers fabricated by PECVD in strain engi-

neering. Finally, we presented the two reactors used for this Ph.D. project.
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3. Study of Optical Properties of Silicon Nitride based Thin

Films

3.1. Introduction

SiNy-based thin films received considerable attention in optoelectronics and photovol-
taics technologies mainly for their optical properties. Therefore, before adding a
stressor layer function to these layers, it is important to ensure that their optical
properties remain good. This Chapter outlines the fabrication recipes used to produce
SiNy-based thin films with controlled optical properties and how to modulate the re-
fractive index in a multilayer structure to create optical filters.

First, we give an overview of the principle of ellipsometry since it was the primary
characterization tool used in this thesis to determine the optical properties of thin
films. Ellipsometry measures quantities that are not directly interpretable as thin
films’ properties. So, it generally requires certain knowledge of the material to choose
a suitable model to fit the ellipsometry data and extract the film’s properties. The
following part explains the choice of models adapted to our amorphous dielectric thin
films.

We will also discuss the impact of process parameters, particularly the gas flows, on
the refractive index and optical band gap of our SiNy-based films. This is followed by
a section that presents the fabrication and characterization of a multilayer structure

as an optical application of our thin films.
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3.2. Presentation of the spectroscopic ellipsometry technique

3.2.1. Principle of ellipsometry

Spectroscopic ellipsometry is a non-destructive optical technique mainly used to de-
termine the optical constants and thickness from a thin film sample by using a model-
based approach. As shown in Fig. 9, a linearly polarized light is reflected off the surface
of a sample. This reflection induces a phase shift A between the p- and s-components
of the electric field vector, resulting in an elliptical polarization state. Through the
well-known ellipsometry formula, the polarization change can be described by an am-

plitude ratio (tan W) and the phase shift (A):

=tan¥.e'? (2)

P |’Bﬁ

where, the ry,and ry are respectively the complex Fresnel reflection coefficient for p and

s polarization.
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Figure 9: Basic principle of ellipsometry from Fujiwara [61]. The light polarization is catego-

rized into p- and s-polarizations depending on the oscillatory direction of the electric field

(Er). The p-polarization is parallel to the incident plane, while the s-polarization is perpen-

(ST BT )

dicular. The Er shows the electric field vector, and the subscripts “i”, “r”, “s”, and “p” for

denote the incidence, reflection, s-polarization, and p-polarization, respectively.

The incident angle 6 is usually selected around Brewster’s angle as this provides the
most significant ratio between r, and r,, increasing the sensitivity of the ellipsometry
measurements to thin films. However, we usually measure our samples at multiple
angles using variable angle spectroscopic ellipsometry (VASE) to increase the collected
information and better estimate our films’ properties. For example, the interaction of

the light with absorbing films or multilayer structures at different angles provides
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more data to be fitted through the models, increasing the accuracy of the properties’
estimation.

In this thesis, we have used a Horiba UVISEL 2 and a J.A. Woollam M-2000U ultra-
violet-visible ellipsometers to measure the absorption and refractive index of the de-
posited thin films as well as their thicknesses. We have chosen spectroscopic ellipsom-
etry for its simplicity of measurement and speed of acquisition of an experimental
spectrum. It is also a cheap and non-destructive technique to measure our thin films’
thickness and the refractive index after deposition. Ellipsometry simultaneously
measures U (tan¥ proportional to the amplitude ratio) and A (phase shift) and pre-
cisely determines their values to within +0.01° [61]. Due to the determination of these
two parameters, it is not necessary to have a reference measurement in spectroscopic
ellipsometry compared to other optical techniques such as reflectance. When thin films
are deposited on a substrate, it is necessary to use experimental data modeling to
extract meaningful parameters such as refractive index and thickness. Such modeling
may sometimes be challenging in samples with a complex structure. For instance, the
characterization of multilayer structures requires the knowledge of the optical con-
stants of the individual layers and their distribution in the structure to build a reliable
model. We usually need to develop a model of the structure of the studied sample
before starting the analysis of ellipsometry data. Further information about the ellip-

sometry technique can be easily found in many sources [61-63].
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As soon as the modeling step is carried out in an appropriate manner, it is then
possible to evaluate the sample properties. Among these, we can identify the dimen-
sional properties of a thin film, such as the thickness and roughness of layers or the
thickness profile of the different layers forming a multilayer structure. The density,
porosity, or even the crystallinity of the films can be deduced from the modeling as
well. The next part shows the main models used to characterize our amorphous SiNy-

based films.

3.2.2. Dielectric function of homogeneous semiconductors

Several dielectric function models or dispersion formulas have been developed to allow
researchers and technologists to predict the evolution of thin films’ optical properties.
Since we are using spectroscopic ellipsometry, we are collecting data at multiple ener-
gies, and we can use dispersion formulas to fit our data. A dispersion formula is mainly
a set of two parametric equations describing the shape of the optical functions (n(E),
k(E)) and dielectric functions (e:(E), €2(E)) versus energy, which significantly reduces
the number of fitting parameters. Knowing which dielectric function models are ap-
propriate for a given set of materials is essential. We mention in the following the
main dispersion formulas applied to characterize the optical properties of amorphous
dielectric films.

When the thin films are transparent in the wavelengths used for the ellipsometry
measurement, €> ~ 0, we use the Cauchy model to fit the data.
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The Cauchy equation is given by:

B, C
2+ 24, k=0 (3)

where As, Bo, and C, are Cauchy coefficients. The refractive index, n, and the extinc-
tion coefficient, k, are related to the dielectric function, (n + ik)* = e + ies. All these
parameters are fitted using the experimental data. We note that the Cauchy model
does not fulfill the Kramers-Kronig relations since the real component of the dielectric
function is obtained by assuming that the imaginary component is equal to zero.

Therefore, we cannot use the Cauchy model to fit the data at energies below the band
gap to evaluate the films’ residual absorption. In that case, a harmonic oscillator ap-
proximation and dielectric function models can be used. In our study, we have used a
semi-empirical model called the Tauc-Lorentz model to better describe the absorption
edge of our materials, avoiding an overestimation of e, for energies lower than the
band gap. The Tauc-Lorentz model is generally used to fit amorphous materials since
it can better fit the imaginary dielectric component of such materials. Figure 10 shows
an example of a Tauc-Lorentz model that can be used as a starting point to fit the

dielectric function of hydrogenated amorphous Si [64].
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Figure 10: Tauc-Lorentz model. The real (blue dashed line) and imaginary (orange solid
line) components are plotted for a model material with A = 170 eV, C = 2.2 eV, E, = 1.39

eV, Ey = 3.5 eV, and €* = 0.6. Produced using CompleteEASE software of the VASE.

In the case of materials with several absorption peaks, such as crystals, it is possible
to include their respective contributions using several Tauc-Lorentz oscillators. How-
ever, our work mainly characterizes amorphous thin films by adjusting the fit param-
eters of only one Tauc-Lorentz oscillator. The imaginary part of the Tauc-Lorentz
dielectric function €, gives the response of the material caused by inter-band mecha-

nisms only, as shown here:
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2

€ =l AEOC(E_Eg) for E>E

> T E(E? — E?)? + C2E? g (4)
€, =0 for E<E,

The real part €; of the dielectric function is derived from the expression of €, using
the Kramers-Kronig integration. We usually start by fitting the imaginary part of the
dielectric function, described by the following parameters:

A (in eV) is related to the strength of the absorption peak,

C (in eV) is the broadening term of the absorption peak,

E, (in V) is the optical band gap energy,

Eo (in e€V) is the energy of the maximum transition probability and is always higher
than the band gap energy E,.

Then, we fit one parameter related to the real part of the dielectric function at high
frequency €*, representing the contribution of inter-band transitions occurring at high
energies. This parameter also prevents the dielectric constant €; from converging to
zero for energies below the band gap. One of the limitations of the Tauc-Lorentz model
is that it requires €2 to be zero for energies less than the band gap, not considering the
intra-band absorption caused by defects.

We usually start with a Cauchy fit in the transparent energy range of SiN; films to
determine their thickness. Then, we fit the Tauc-Lorentz model to minimize the

number of unknown parameters at each fit.
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3.3. Characterization of the optical properties of silicon ni-

tride monolayers

3.3.1.  Set of monolayer samples

During this study, we deposited SiN-based films on 2-inch Si <100> substrates.

For the thin films deposited with the capacitively coupled plasma (CCP) reactor, we
used a mixture of SiHs, Ar, NH;, and N, as gas precursors, and we kept the flow rates
constant at 20, 400, 50, and 250 sccm, respectively, at a deposition pressure of 1500
mTorr. The substrate temperature was set to 280 °C for all samples, and the RF
power was varied from 20 to 170 W. The deposition rates ranged from around 50 to
90 nm.min .

In the ECR reactor, SiHs, Ar, and N, were used as gas precursors and the flow rates
were kept constant at 1.2, 13.6, and 1.2 sccm, respectively. The deposition pressure
was 1.7 mTorr. The substrate heater temperature was set to 350 °C, which corresponds
to 120 °C at the sample surface due to the temperature gradient in the thick metal
substrate holder. The microwave power (MW) power coupled to the plasma was ad-
justed from 400 to 600 W. The deposition rates varied from around 1 to about 1.8

1

nm.min !, as shown in Table 2.
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Table 2: Films deposition parameters. The variable parameter investigated is the MW depo-

sition power highlighted in gray.

Deposition | Deposition
ECR SiH4 N, Ar Microwave Power
Pressure Rate
Films
(scem) | (scem) | (scem) | (mTorr) | (nm.min) (W)
1.2 1.2 13.6 1.7 1.1 400
2 1.2 1.2 13.6 1.7 1.5 500
N
1.2 1.2 13.6 1.7 1.8 600

Then, optimization was carried out to increase the deposition rates in the ECR
reactor before studying SiOyNy films. Three sets of samples were fabricated. The ex-
perimental details are summarized in Table 3.

Firstly, we deposited SiNy films using SiHs, Ar, and N, only. The flow rates of SiH,
and N, were kept constant at 2.4 sccm, and the Ar flow was adjusted from 27.2 to
57.2 scem. The deposition rates were between 2.7 and 3.2 nm.min"!, and the total
pressure during the deposition changed from 3.3 to 5.9 mTorr.

Secondly, we deposited SiOyNy films using SiHi, Os, No, and Ar. The flow rates of SiH4
and N, were kept constant at 2.4 sccm, while the Ar and O, flows were adjusted from
57.2 to 54.2 sccm and from 0 up to 3 scecm, respectively. The deposition pressure was
stabilized at 6.2 mTorr. The introduction of O, increased the deposition rates from

2.7 to 5.9 nm.min .
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Finally, we deposited SiN films using SiHs, Ar, and N, with a constant flow rate of
2.4 scem for SiHy, while the Ar and N flows were adjusted from 29.0 to 27.2 sccm and
from 0.6 to 2.4 sccm, respectively, to maintain a constant deposition pressure of 3.3

mTorr. The deposition rates were around 3.1 nm.min .

Table 3: Films terminology and deposition parameters. The parameters investigated are the

N and O flows, and the deposition pressure highlighted in gray in the table.

Dep. Film
SiH4 N, 0. Ar Dep. Rate
ECR Films Pressure Thickness
(scem) | (scem) | (scem) | (scem) | (mTorr) | (nm.min™) | (4/-5 nm)
SiN1 2.4 2.4 0.0 27.2 3.3 3.2 579
T siN2 | 24 | 24 | 00 | 422 | 46 3.0 543
” SiN3 2.4 2.4 0.0 57.2 5.9 2.7 493
- SiON1 2.4 2.4 165 55.7 6.2 4.8 384
;}éj SiON2 2.4 2.4 3.0 54.2 6.2 5.9 470
SiN4 24 0.6 0.0 29.0 3.3 3.4 617
T | siNs | 24 | 08 | 00 | 288 | 33 3.1 552
- SiN6 2.4 1.6 0.0 28.0 3.2 2.9 523

For all depositions, the MW power coupled to the plasma was fixed at 600 W to
maintain a deposition rate higher than 3 nm.min!, and the sample was heated to 120

°C. The final properties of the thin films are a function of several parameters, so
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sometimes, it is necessary to modify several deposition parameters to modify a single

final property of the thin film.

3.3.2. Results and discussion

The absorption coefficient and refractive index of the deposited thin films presented
in this Chapter were measured using a J.A. Woollam M-2000U ultraviolet-visible
VASE. All the measurements were performed at incident angles of 55°, 60°, 65°, 70°,
and 75° to improve the accuracy of layer modeling. We evaluated the refractive index
and the absorption coefficient of the amorphous thin films as a function of the photon
energy using the Tauc—Lorentz model [65]. We also used the Tauc plot method for
determining the optical band gap of amorphous semiconductors [65] using optical ab-
sorbance data plotted as (ahv) 1/2 with respect to photon energy to obtain a reasona-

ble quantification of the optical band gaps of our films.
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Figure 11: Refractive index at 632 nm (a) and Tauc plots derived from the optical absorp-

tion measurements (b) of the 500 nm SiNy films deposited within the CCP reactor. [33]

In the CCP reactor, we mainly studied the impact of the deposition power on the
optical properties of hydrogenated a-SiNy films. Figure 11a shows only a slight increase
in the refractive index at 632 nm (1.88<n<1.89) as a function of the deposition power.
The optical bandgaps of the films were extracted from the Tauc plots shown in Figure
11b, and we notice that the optical band gap increases significantly from 3 eV to 4 eV
with increasing deposition power.

We assume the porosity of the amorphous films to remain constant since the refractive
index does not change significantly - An~0.01; however, the deposition power influ-
ences the defects concentration in the SiNy films. As discussed in [46], the main defects
in amorphous SiNy films are the Si and N dangling bonds. Since we measured an

increase in the optical band gap at high deposition power, we attribute this variation
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to a decrease of deep states associated with dangling bonds and a decrease of hydrogen

in the SiNy structure.
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Figure 12: Refractive index at 632 nm of 500 nm SiN films deposited within the ECR reac-
tor at three different deposition powers (a) and pressures (b). The samples (a) correspond to

Set 1 from Table 2 and samples (b) correspond to Set 2 from Table 3.

In the ECR reactor, Figure 12a shows a significant decrease in the refractive index at
632 nm as a function of the deposition power. In contrast, Fig. 12b shows an increase
in the refractive index as a function of the deposition pressure. The deposition rate of

! requiring more

the SiNy film with n=2 in Fig.12a is very low, around 1.1 nm.min"~
than 7 hours to deposit a layer of 500 nm. Knowing that the layers deposited during
this study are all around 500 nm, we had to modify the deposition parameters to
achieve higher deposition rates and more reasonable deposition times of around 3

hours. We also note that the deposition rates and the film's properties are multi-

parameter functions and might require the variation of two parameters to modify only
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one property. Thus, we can double the deposition rate of a SiNy film while keeping

the same refractive index n=2.

After increasing the deposition rate of the ECR films, we studied the impact of the

gas flows on the optical properties before and after an annealing at 400 °C. The re-

fractive index and Tauc plots derived from the data obtained by VASE are shown for

various deposition conditions.
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Figure 13: Refractive index (a) and Tauc plots (b) derived from the VASE measurements of
SiN, films deposited at three different pressures before and after annealing. “AN” indicates

samples after annealing at 400 °C.

Figure 13a shows an increase of An~0.06 in the refractive index with increasing dep-
osition pressure for all photon energies, while Fig. 13b shows no absorption at low
energies and an optical bandgap around 3 eV. The optical band gap extracted from

the Tauc plots was not significantly affected by the deposition pressure. However,
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above the optical band gap the absorption efficiency is increased with the deposition

pressure. Even after annealing at 400 °C, the refractive index remained the same and

the absorption curve of one sample SiN1 was modified, inducing a shift of the optical

bandgap towards higher values (4.6 eV).
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Figure 14: Refractive index (a) and Tauc plots (b) derived from the VASE measurements of

SiN films deposited with different N» flows before and after a 400 °C annealing. “AN" indi-

cates samples after annealing at 400 °C.

Figure 14a shows a decrease of An~0.6 in the refractive index for low photon energies

as a function of the N, flow during the deposition, while Fig. 14b shows that the

optical bandgap increased with increasing N, flow. We assume that the optical

bandgap of these films will increase progressively toward the SiN1 optical bandgap at

3 eV, shown in Fig. 13b, when the flow ratio N,/SiH, reaches unity.
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In Fig. 14a, we see a broad maximum in the refractive index for energies around and
above the optical bandgap. The same peak could have been observed in the other SiNy
samples if we had performed VASE measurements at higher energies. In Ref [66],
Forouhi and Bloomer measured the optical properties of amorphous SiNy films pro-
duced by pyrolytic decomposition of a mixture of silane and ammonia up to 11 eV
and observed a peak in the refractive index at around 7 eV. Despite the different
fabrication processes, we believe our samples have a similar dispersion shape in terms
of refractive index because of their amorphous nature.

We can consider that the range of photon energies for visible light from red to violet
is 1.6 to 3.3 eV. So, these films are highly absorbing for applications in the visible
range though they can be suitable materials for infrared applications only. After an-
nealing at 400 °C, we noticed that the refractive index for low photon energies did not
change much compared to before annealing.

It is common in optoelectronics to use both high refractive index and low refractive
index layers to control light. For this reason, we studied the effect of oxygen on reduc-

ing the refractive index of SiNy films.

70



Ph.D. Thesis - B. Ahammou; McMaster University & University of Rennes

” 6,000 T
3 F —SiN3 —SiON1 r —SiN3 —SIiON1
2‘2 F —SiON2 -~ -ANSIN3 ) 5000 F —SiON2 - __ANSIN3
“ F---ANSIiON1 ---AN SiON2 o : . .
21 f 7 = 4,000 E---ANSlONl ---AN SiON2
o & L
>

Refractive index

Energy (eV) Energy (eV)

Figure 15: Refractive index (a) and Tauc plots (b) derived from the VASE measurements of
SiO,N; films deposited with different O flows before and after a 400 °C annealing. “AN” in-

dicates samples after annealing at 400 °C.

Figure 15a shows a decrease of An~0.46 in the refractive index for all photon energies
as a function of O, flow in the gas mixture during the deposition, while Fig. 15b shows
that the absorption levels of the films become significantly lower after the introduction
of O, in the deposition mixture. After annealing at 400 °C, the refractive index did
not change significantly.

Thus, modifications of the film’s stoichiometry introduce a more significant variation
of the film's refractive index in the order of 10, while the deposition power and pres-
sure induce An in the order of 102 In the next part, we will see how to use these thin

films to design an optical device based on a multilayer structure.
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3.4. Characterization of the optical properties of silicon ni-

tride based multilayer structures

3.4.1. Presentation and interests of multilayer systems

Multilayer optical coatings are important in several applications. We find them in
optical devices such as notch filters, antireflection (AR) coatings, high-reflection (HR)
coatings, and beam splitters. They are used to modify the optical properties of the
near-surface region of photonic structures. The optical function of the structure de-
pends on the refractive index and the thickness of each layer. It is common to find
multilayer filters with hundreds of individual layers since the number of layers signif-
icantly influences the performance of such optical devices. This study mainly focuses
on the fabrication and characterization of SiNi-based multilayer structures. We dis-
cussed earlier how to control the optical properties of individual layers by modifying
the deposition parameters. Here we show how to alternate during deposition between
several layers of different thicknesses and refractive indices. The quality of fabrication
of these individual layers impacts the overall system performance. In addition, we also
approach the characterization of these multilayers with VASE. We explain the char-
acterization strategy used to measure ex-situ the thickness profile of the different
layers of the structure. To reduce the complexity, we only alternate between two types
of layers with two different refractive indices, which is the case in many optical appli-

cations. The VASE measurements were efficient to determine both film thickness and
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refractive index from monolayers. However, multilayer structures have significantly
more unknown parameters, which is one of the reasons for measuring ellipsometry
data over a wide spectral range and at multiple angles of incidence, 55°, 60°, 65°, 70°,

and 75° is to improve the accuracy of the multilayer modeling.

3.4.2. Set of multilayer samples

SiN-based multilayer structures are a potential candidate for fabricating wavelength-
selective reflective coatings in building-integrated photovoltaics (BIPV) technologies
[67]. Since the lifecycle of BIPV cells is very long, and the coating surfaces are sub-
stantial, it is essential to produce films with well-controlled optical and mechanical
properties. In this Chapter, we only focus on the control and characterization of the
optical properties and later in this thesis, the mechanical properties of these layers
will be discussed. Since we can control the optical properties of individual layers by
modifying the deposition parameters of our PECVD system, we have chosen to fabri-
cate functionalized multilayer structures to reflect light at 400 nm while transmitting
most wavelengths with low loss of intensity. We used the ECR reactor because it
allows better control of the thickness of thin layers below 10 nm, thanks to its rela-
tively low deposition rates compared to the CCP reactor. For that reason, we devel-
oped specific recipes for the ECR reactor to obtain a high refractive index layer (n=2)
and a low refractive index layer (n=1.5) while maintaining the stability of the plasma
throughout the deposition. The ability to switch rapidly between the different layers
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during deposition is essential to avoid the creation of intermediate layers at the inter-
face and alter the overall performance of multilayer devices. Therefore, we tried to
reduce the number of variable parameters that must be changed during multilayer
deposition while maintaining the plasma stability during the whole process.

Here we show the recipes we used to alternate during deposition between SiNy and
SiOyNy films with similar deposition conditions except for the oxygen flow, as shown
in Table 4.

Table 4: Films terminology and deposition parameters of SiN, and SiOyNy films used in the

fabrication of multilayer structures.

Deposition Deposition
SlH4 NQ 02 Ar
Films Pressure Rate
(scem) | (scem) | (scem) | (scem) (mTorr) (nm.min)
SiN 2.4 2.4 0.0 57.2 5.9 2.7
SiON 2.4 2.4 3.0 54.2 6.2 5.9

Table 4 also shows that the addition of oxygen almost doubles the deposition rates of
SiOyNy films compared to SiNy films.

First, we configured our system to stabilize the ECR plasma and deposit the multi-
layers automatically. We started by depositing multilayer structures with 2, 4, and 6
layers of 100 nm each. We then used these samples to implement an ellipsometry
model for estimating thickness profiles in multilayer structures. Then, we fabricated

two notch filters with a minimum number of layers designed to reflect light within a
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specific wavelength Ao while transmitting most wavelengths with low intensity loss.
We selected two designs with 11-layers: the first one with a quarter-wave physical
thickness, No/4n, to the reference wavelength Ao = 400 nm. The other design with an
optimized physical thickness was developed by Paramita Bhattacharyya [68] as an
optimized notch filter with a minimum number of layers on a silicon substrate to be
integrated as aesthetic reflectors into flexible solar cells to reflect colors over the entire
visible spectrum on demand. The thickness profile optimization was performed using
a gradual evolution optimization technique on OptiLayer software [69] using a starting
design to obtain an optimized notch filter with reduced ripples maximizing transmis-
sion while maintaining a narrow reflection peak in the desired wavelength (400 nm).
Since these optical notch filters must maintain their optical and mechanical integrity
during long-term repeated use on a flexible substrate. We decided to use our knowledge
of SiNy-based monolayers developed during this PhD in a collaboration framework to
fabricate and characterize these specific optical devices. Their mechanical properties

will be shown in Chapter 4.
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3.4.3. Multilayer analysis and extraction of thickness pro-

files

We started our analysis by assuming that our layers have the same optical properties
at all levels of the multilayer structure and that the deposition rate is constant for
each given material. We have used the optical constants (n,k) of each material from
reference monolayers and kept them constant during the fit, where we fitted only the

film thicknesses.

140 140 | 140
120 120 F 120
100 100 | 100
B :
£ 30 80 | 80
a
[<1] [
£ 60 60 | 60
o -
= [
T 40 40 | 40
20 20 | 20
0 0 0
1 2 1 2 3 4 1 2 3 4 5 6
Number of Layers Number of Layers Number of Layers

Figure 16: Three multilayer structures with 2, 4, and 6 layers of 100 nm each deposited on a
Si substrate. The odd layers in blue are SiNy layers, and the even layers in red are SiO;Nx

layers. The thickness values are estimations made by fitting ellipsometry data.
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We defined the number of initial layers and their targeted thickness beforehand. Fig-
ure 16 shows the fitted thickness estimated from ellipsometry data for the 2-, 4-, and
6-layer structures. We noticed the SiOyNy thicknesses were 20 % below the target
thickness in the 4-layer sample and near or slightly above the target thickness in the
6-layer sample. However, the fitted thicknesses of SiN, were above the target thickness
in the 4-layer sample and gradually decreased below the target thickness for the last
layers deposited in the 6-layer sample. We assume that this variation between the
targeted and measured results may be due to a slight change in the deposition rate or
the films’ optical properties during the multilayer deposition since these parameters
were obtained from reference layers of approximately 500 nm. Our model does not
consider other phenomena, such as the interaction at the interface between the films,
which can induce biases in our results. However, we do not wish to increase the com-
plexity of our model and accept uncertainties up to 20 % for layers with a thickness
of 100 nm. If our uncertainty comes from the interface between the layers, we expect
the thickness error to increase significantly for thinner layers.

This approach becomes more challenging with structures containing significantly more
layers. In this study, we fabricated an 11-layer notch filter structure with quarter-
wave thickness using automatic ECR deposition, where we switch between SiNy layers
and SiOyNy layers by controlling the oxygen flow only, as shown in Table 4. The same
strategy was followed to fit the VASE data, where we define an initial thickness profile

structure before starting the fit which makes it possible to converge rapidly.
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Figure 17: 11-layer notch filter structure with a quarter-wave thickness. The odd layers are
SiNy layers, and the even layers are SiO,Ny layers. The targeted thickness values are in solid

colors and the fitted thicknesses from the ellipsometry data are in grading colors.

Figure 17 shows the targeted thickness values from the design and the fitted thickness
from the ellipsometry data of each layer of the 11-layer notch filter structure. The
reproduction of the design is generally satisfactory; however, we detected significant

deviations of more than 20 % below the target thickness in some layers (such as layer

3 and 5 in Fig. 17).
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A simulated reflectance spectrum was obtained from a Python script using a transfer

matrix method on the 11-layer structure. The experimental reflectance spectra were

measured at -12°, -6°,6°, and 12°.
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Figure 18: Reflectance spectrum of the 11-layer notch filter structure with a quarter-wave
thickness. The simulated reflectance from a measured thickness profile is shown in a blue
solid line, and the experimental reflectance spectrum is in a red dashed line, while the tar-

geted simulation is in dotted line. Angle of detection at 6°.

79



Ph.D. Thesis - B. Ahammou; McMaster University & University of Rennes

Figure 18 shows experimental and simulated reflectance curves measured and calcu-
lated at 6°, respectively, since it was the closest angle to the incident angle measurable
experimentally with our reflectance spectrophotometer. We obtained a notch filter
with 70 % reflection around 400 nm using the targeted thickness. Because of the
limited number of layers, we have ripples at other wavelengths with around 30 %
reflection. The experimental reflectance curve was quite close to the targeted simula-
tion but had a blue shift of 55 nm. The simulated reflectance spectrum calculated
using the measured thickness profile from the VASE model was closer to the experi-
mental reflectance results.

We usually use notch filters with hundreds of layers to reduce the ripples in a quarter-
wave thickness structure. However, in our work, we have used the optimized notch
filter design, suggested by Bhattacharyya et al. [68] with reduced ripples since it uses
a minimum number of layers on a silicon substrate. We used the ECR reactor to
reproduce the optimized structure’s thickness profile automatically and the VASE to

estimate the thickness profile of the fabricated structure.
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Figure 19: 11-layer notch filter structure with an optimized thickness profile. The odd layers
are SiN; layers, and the even layers are SiO,N; layers. The targeted thickness values are in

solid colors, and the fitted thicknesses from the ellipsometry data are in grading colors.

Figure 19 shows the thickness profile of an optimized 11-layer notch filter, and we
noticed that the fit is satisfactory except for layers with less than 30 nm thickness,
where the errors were very high. For example, the estimated thickness of layer 9 was
60 % below the target thickness. We measured and calculated the experimental and

simulated reflectance curves at 6°, respectively.
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Figure 20: Reflectance spectrum of the 11-layer notch filter structure with an optimized
thickness profile. The simulated reflectance from a measured thickness profile is shown in a
blue solid line, and the experimental reflectance spectrum is in a red dashed line, while the

targeted simulation is in dotted line. Angle of detection at 6°.

Figure 20 shows a significant reduction in the reflection peak width and ripples com-
pared to the non-optimized structure in Figure 18. We noticed a maximum reflectance
of 70 % in the experimental spectrum, higher than the expected values from simulation

of around 50 %, and less than 15 % reflection in the transmission region. The simulated
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reflectance spectrum using the measured thickness profile and the experimental reflec-
tance both have a blue shift of about 28 nm from the targeted spectrum. In order to
check if this blue shift is due to the error of the measurement angle of 4+/- 1°; we also

studied, using simulation, the influence of the detection angle on the notch reflection

wavelength.
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Figure 21: Reflectance spectrum shift vs. the angle of detection. The simulated reflectance

spectrum of the 11-layer notch filter structure from a measured thickness profile using

VASE.
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Figure 21 shows a blue shift for different angles from the incident angle. However, the

shift is small at around 0.33 nm per degree. We also note that the simulation is sym-

metrical and the negative detection angles have the same optical spectrum as their

absolute values. Hence, the difference between the experimental peak and those re-

sulting from the simulation in Figures 20 and 18 is not due to measurement angle

errors but to modification in the structure itself compared to it is simulated design.

3.5. Conclusions

In this Chapter, we described how we control the refractive index of SiN,-based films
by tuning select PECVD process parameters. We optimized the deposition rate and
stoichiometry of our ECR films to fabricate functional multilayer structures. We also
presented satisfactory results of an ex-situ characterization method using VASE to
estimate the thickness profile of the structures. Then, we have performed an experi-
mental reflectance spectral detection and compared the results with multilayer simu-
lation using a transfer matrix method. All these results do not consider the possible
geometric deformations of the films under stress or any phenomenon that can occur
at the interface between the layers in complex structures. Thus, we explore in the next

part the mechanical properties of the films.
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4. Study of Mechanical Properties of Silicon Nitride Based

Thin Films

4.1. Introduction

This Chapter outlines the mechanical properties of SiNy-based thin films and the dif-
ferent methods used to characterize these properties.

First, we describe the wafer curvature method used to measure the residual stress of
the films. We give an overview of the principle of nanoindentation since it was the
primary characterization tool used to determine the hardness and the elastic modulus
of our films. We also used some micro-structures made from films with different com-
pressive residual stresses to estimate the elastic properties of these films from their
deformation shapes. Then, we studied experimentally the impact of process parameters
on the mechanical properties of our SiN-based films and suggested some mechanisms
of stress generation. This is followed by a section presenting the mechanical properties

of the multilayer structures described in Chapter 3.
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4.2. Experimental details

4.2.1. Set of samples

Several amorphous SiNy-based thin films were deposited using two different deposition
methods, as discussed in Chapter 3. We used the samples described in Tables 2 and 3
to study the mechanical properties of the stressor layers. In addition, we deposited
some samples using the same recipes with greater thickness of around 2 microns in

order to measure their elastic properties using nanoindentation.

4.2.2. Curvature method

We used a well-established residual stress characterization technique based on wafer
curvature measurements and the Stoney model [70]. This method of characterization
is most often used to quantify the mechanical stresses in thin films and identify their
tensile or compressive nature. We used in this work two types of instruments to meas-
ure the curvature profile of our samples. First, we used a Bruker DektakXT Stylus
profilometer to measure the wafer curvature prior and after deposition of a layer.
Then, we used a Python script developed during this PhD project to adjust the data
using a best fit procedure assuming a circular shape to estimate the radius of curvature
R necessary to calculate the stress using Stoney formula (Equation 5). However, since
it is not possible to use contact profilometry to measure the curvature of heated sam-

ples, we started a collaboration with the Ecole Polytechnique Montreal, during which
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I was trained to perform measurements with the Tencor FLLX-2900 commonly named
FLEXUS. In this case, the curvature measurements were performed optically using a
670 nm laser, and the residual stresses of the films were calculated automatically at
different temperatures.

For both measurements techniques, the residual stress of the layer was deduced from
measuring the curvature radius of a full wafer before (Ry) and after (R) thin film
deposition on its surface, it is possible to evaluate the strain information and then

deduce the thin film built-in stress using Stoney’s formula [70]:

_E, (1 1 ) )
T =6 -0yt \R Ry

With E, 9, t,: elastic modulus, Poisson ratio, and thickness of the substrate, respec-
tively, and tf the thickness of the film. Ry and R are the measured curvature radii.
Consequently, it is not necessary to know the elastic properties of the deposited thin
films to determine their residual stress gr. However, this model has some practical
constraints and limitations. The films must be homogeneous on the substrate and have
a small thickness compared to that of the substrate, and the longitudinal dimensions
of the system {thin film + substrate} must be significantly greater than their thick-
ness. Thus, circular substrates are used to have a spherical deformation and a negligi-

ble variation in the radius of curvature along the different wafer diameters.
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Figure 22: Principle of measuring the radius of curvature by reflectometry.

Figure 22 shows the principle of measuring the radius of curvature by reflectometry
used in the FLEXUS. A translating mirror reflects a laser with a wavelength of 670
nm on the substrate. According to the angle of reflection estimated by the displace-
ment of the reflection peak intensity on the photodiode, we can calculate the curvature
radius of the substrate R.

The curvature % is obtained by calculating the change of the reflected angle A® with

a displacement AX of the mirror along the sample surface by the following equation:

(6)
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IR
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We measured the radius of curvature of the wafers at room temperature but also at
temperatures up to 400 °C at a rate of 10 °C.min? under an N, atmosphere to reduce
the O, contamination of the films. Further in this Chapter, we will discuss the impact

of thermal cycling on the residual stress of the films.

4.2.3. Principle of nanoindentation

Unlike conventional indentation, which focuses on a residual mark left by the indenter
on the sample, instrumented nanoindentation studies the displacement curve as a
function of the normal force P applied to the sample. It is possible to measure locally
the elastic properties and the hardness of a material thanks to a method developed by
Oliver and Pharr [71]. The visualization of the indent was no longer necessary, so
nanoindentation was used in many applications to measure the mechanical properties
of small volumes of material, such as thin films. Thus, we can observe both its plastic

and elastic response from an indentation load-discharge curve.
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Figure 23: Indentation of a surface.

Figure 23 shows the principle of indentation where a tip enters with a force P (on the
order of millinewtons) into a material, and the resulting indentation depth h is meas-
ured during the loading and unloading of the tip. When the force applied on the tip
reaches a maximum, we note an indentation depth hy,4,. In thin films, the recom-
mended penetration depth hy,g, is 10 % of the film’s thickness to avoid substrate
effects and obtain more accurate results. The final depth hg;nq; at which the tip stops
under zero force is the result of the residual plastic deformation of the material after

indentation.
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Figure 24: Examples from different geometries of indenter tips.[72]

The area of contact A. between the indenter tip and the material depends on the
geometry of the indenter tip and can be expressed with A optqcr as illustrated in Figure
24. Indenter tips are usually made of diamond and have different shapes depending
on the application. It can be a three-sided pyramid (Berkovich), a four-sided pyramid
(Vickers), or spherical, as shown in Figure 24. It is important to calibrate the
nanoindenter often because a worn tip can become more rounded and behave like a
sphere at shallow depths. Thus, the load-displacement curves are converted into an
indentation stress-strain curve which induces an overestimation of the elastic modulus

and inaccurate results.
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Figure 25: Single nanoindentation measurements.

The sharp, well-defined indenter tips have load-displacement curves with a loading
part that combines both plastic and elastic deformation of the sample and an unload-
ing part that reflects purely the elastic behaviour of the material. Therefore, the con-
tact stiffness S of the sample is obtained from the slope of the unloading segment of
the force-displacement curve P=f(h), illustrated in Figure 25. More details on the
method of estimating S from the load-displacement curve are very well explained in
the work of Oliver and Pharr [71].

The contact area remains very difficult to obtain because it does not concern the entire

penetration depth but only the part of the indenter in contact with the sample (Figure
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23). It is, therefore, necessary to determine the depth of penetration of the indenter
in the sample noted hconeacee- It is possible to relate S to heopiacr using the following

formula:

Pmax
heontact = Pmax — € 3 (7)
with ¢ = 0.75 for a Berkovich indentation tip.
Since the area of contact A, is a function of h.pneace, as shown in Fig. 24, it is possible
to evaluate the indentation area A, directly from the force-displacement curve and
calculate the elastic modulus Eg and to the hardness H of the material under test, as

follow:

P

H=—F———
AC (hcontact)

(8)
For the elastic modulus E, we first calculate the reduced elastic modulus E, as follow:

VT S
2 V Ac(hcontact)

E, = 9)

Then, we note that E, considers both the elastic deformations appearing in the sample

and in the indenter. It is defined by the following formula:
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1_1—v52+1—vl-2 (10)
E, E E;

For a diamond indenter, which is generally the case, E; = 1141 GPa and v; = 0.07.
Generally, for soft materials Eg is very close to E,..

In this study, we determined the elastic modulus and hardness of the films by
nanoindentation measurements using a NanoTest Vantage instrument and an Anton
Paar Ultra Nanoindentation Tester (UNHT?), both with a Berkovich indenter.

We also applied a progressive loading on the indenter from 2 mN to 20 mN to have a

continuous load-depth curve (in the UNHT?).
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Figure 26: Single nanoindentation measurements with two different modes: standard and

continuous multi-cycle mode.
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Figure 26 shows the load-displacement curve for standard and continuous multi-cycle
(CMC) modes. In the CMC mode, we start applying a minimum load value, then
unloading 60 % of the force and immediately re-loading to a higher load until we reach
the maximum penetration. At the same time, the standard method goes directly to
the maximum indentation depth. Thus, the CMC test allows the evaluation of the

hardness and elastic modulus of the films over the indentation depth.

4.2.4. Fabrication and characterization of microbeams

We deposited compressive thin films and measured their mechanical residual stress
using curvature measurements. Then, we have fabricated doubly clamped microbeams
to evaluate some of the elastic properties of these thin films. First, we defined narrow
stripes before releasing them into cantilevers and microbeams. The procedure to define
narrow stripes is based on optical lithography using a positive polymer resist as a
mask, followed by mask opening and etching of the dielectric thin film using reactive
ion etching with SFg plasma. After etching the dielectric thin film, the remaining
polymer was removed using O, plasma. We released these narrow stripes from their
substrate to fabricate the microstructures by wet etching using tetramethylammonium
hydroxide (TMAH) (5 % solution at 85 °C) in the case of Si substrate. However, such
microstructures could be also achieved on III-V substrates with other kind of chemical

solutions. On Si substrates, TMAH is known to produce anisotropic etching sensitive
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to crystallographic orientations of Si. Thus, the stripes were inclined by 45° in respect

of the crystallographic orientations [110] and [1-10] of our (100) Si substrates.

SiN

Si

TMAH 5%
i

SiN

Figure 27: Cross-sectional schematic view of the process steps for fabricating a SiNy mi-

crobeam on top of a Si substrate using SiNx compressively strained films. [33]

Figure 27 shows a schematic of the process for fabricating a SiNy microbeam.

After etching the SiNy thin film into a matrix of 10, 15, and 20 pm wide stripes, we

release the SiNy microbeams using the same process described in Figure 27.
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— 100um JEOL 2/16/2021
2.00kV LED SEM WD 15.0mm 09:38:56

Figure 28: SEM image of a matrix of 10, 15, and 20 pm wide microbeams fabricated from a
SiN; film deposited on a Si substrate using a CCP reactor with 130 W RF' power (compres-

sive built-in stress: -300 MPa).

Figure 28 shows a scanning electron microscope (SEM) image of a matrix of mi-
crobeams obtained after etching and releasing a SiNy film deposited on Si by CC-
PECVD with initial compressive built-in stress of — 300 MPa.

We also measured the deformation of microbeams with a commercial Olympus confo-
cal microscope with a blue laser diode to get as high accuracy as possible on the
measurement of the vertical profiles of the released microbeams (£ 50 nm). Then, a
curve fitting of the data was performed to extract the elongation of the microbeams

AL/ Ly’ where L is the initial length of the microbeam before the release. We assume
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that the microbeam has a uniform compressive residual stress o along its entire length

and thickness before it is released from the substrate.

I 10pm JEOL 2/16/2021
2.00kV LED SEM WD 15.1mm 09:47:06

Figure 29: SEM image of cantilevers fabricated from a SiN; film deposited on a Si substrate

using a CCP reactor with 130 W RF power (compressive built-in stress: -300 MPa).

Figure 29 shows cantilevers fabricated from the same SiNy films that remain flat after
releasing them from the substrate, which confirms our assumption that ¢ is uniform
along the thickness of the films. However, the variation in elongation in the cantilevers
is too small to be measured accurately. The doubly clamped microbeams are much
longer (hundreds of micrometers) and more suitable for elongation measurement.

Once released from the substrate, the microbeams tend to bend and deform in the
perpendicular direction to the compression plane. We observe this buckling phenom-
enon when the residual stress is compressive and higher than the minimum stress

value required to bend the microbeam, so called Euler’s critical load ogyer-
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The 0gy1er mainly depends on the structure geometry and the properties of the mate-
rial, such as elastic modulus and Poisson's ratios. In our case, the gy, necessary for
the buckling of 500 nm thick and more than 100 pm long microbeams is less than 3
MPa (compressive), which is negligible compared to the residual stresses gs¢oney Of

the layers measured using curvature measurements.

Opm  JEOL 2/16/2021 -— 10pm JEOL 2/16/2021

10
2.00kV LED SEM WD 15.0mm 09:36: 2.00kV LED SEM WD 15.0mm 09:32:33

Figure 30: SEM image of microbeams buckling upward (left) and downward (right) fabri-
cated from a SiNy film deposited on Si by PECVD with 130 W RF power (compressive

built-in stress: -300 MPa).

Figure 30 shows that microbeams fabricated in similar conditions can buckle
either upward or downward. However, it is not easy in our case to control the direction
of the buckling. Thus, we etched the substrate deep enough to allow the total elonga-

tion of the beams buckled downwards and to include them as well in our study.
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Figure 31: Confocal measurement of a 15 pm wide microbeam buckling downward (left) and

the best fits of the experimental deformation profile using Equation 11 (right).

Figure 31 shows an example of a confocal measurement performed on a released
microbeam and its deformation profile. To obtain the best fit of our results, it is
necessary to neglect the influence of the shear stress and solve the differential equation

of Euler-Bernoulli's beam. Thus, we obtain the following solution:

Hy, (2m \ H,
y(x) = ——cos (—x) + — (11)
L, 2

to fit the shape of the microbeams by varying the parameters Hy and L, using a Py-
thon script developed during this PhD project. The Python script used these fitted

data to precisely determine the elongation AL as:
Lo

AL=L1L,—Ly = f 14+ y'(x)%2dx — Ly (12)
0
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Lg is the distance between the two embedments. As a result, the microbeam elongation
is related to the elastic modulus and stress through Hooke's law. The same measure-
ment can be automatically reproduced on several microbeams.
Then, it is possible to evaluate the elastic modulus E of SiNy thin films using the elon-
gation of the microbeams and the built-in residual (compressive) stress Ogstoney that
was previously deduced from wafer curvature measurements by the following formula:

1 AL>‘1 (13)

E = Ostoney <1—_VE

We took the value of Poisson’s ratio from the literature (v=0.23)[73].
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4.3. Characterization of the mechanical properties of silicon
nitride-based monolayers

4.3.1. Analysis of residual stresses

We evaluated the residual stress in the deposited thin films using the standard method
of wafer curvature measurements discussed earlier in this Chapter. For this first set
of samples, the curvature was measured before and after the deposition using a Bruker

DektakXT Stylus profilometer available at INSA Rennes.
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Figure 32: Residual stress vs. excitation power for 500 nm SiN; films deposited within the

CCP reactor. [33]
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Figure 32 shows the influence of the RF power injected into the CCP reactor on the
deposited films’ residual stress. We notice a variation from tensile (+ 300 MPa) to
compressive (— 400 MPa). The higher the deposition power, the more compressively

strained the films are.
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Figure 33: Residual stress vs. excitation power for 500 nm SiNy films deposited within the

ECR reactor. The samples were fabricated according to Set 1 from Table 2. [33]

Figure 33 shows that the ECR PECVD SiN; films were all compressively strained,
and higher injected microwave power produces less compressively strained films.
We observed that the deposition power affects the residual stress of the films differ-

ently in the two reactors. Therefore, a better understanding of residual stress during
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the growth of thin films on semiconductor substrates is required. We assume that the
changes in residual stress are mainly due to microstructural and/or chemical bonding
modification within the deposited films resulting from the ion bombardment during
the deposition. When we increase the deposition power in the CCP reactor, we provide
more energy to the surface to release the hydrogen and increase the ion bombardment
of the thin films, which increases the compressive component of the mechanical stress.
Therefore, we turn the thin films from tensile to compressive. However, in the ECR
reactor, we suppose that higher injected deposition power induces stress relaxation in
the films and reduces the compressive stress in the films.

Further depositions were performed on the ECR PECVD reactor to study the impact
of the processing parameters on the residual stresses that were evaluated using a
FLEXUS available at the Ecole Polytechnique Montreal. We studied the impact of
gas flows on the mechanical properties. The following results demonstrate experimen-
tally how to tune the mechanical properties of SiN-based films by adjusting the N

and O, gas flows in an ECR-PECVD reactor.
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Figure 34: Residual mechanical stress vs. N2 or O: flows for SiNy films deposited within the

ECR reactor. The samples correspond to Sets 3 and 4 from Table 3.
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Figure 34 shows that N, and O, gas flows affected the residual mechanical stress of
the films differently. The N, flow increases the compressive stress as shown in Fig.
34a, and the O, flow relaxes the mechanical stress as shown in Fig. 34b, while all the
films are compressively strained.

To investigate our films' thermal properties and stability, we thermally cycled three
SiNy films deposited with the same N,/SiH, flow ratio equal to unity and at different
deposition pressures (3.3 mTorr, 4.6 mTorr, and 5.9 mTorr). They were exposed to a

400 °C annealing with continuous measurement of stress.
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Figure 35: Residual mechanical stress vs. total deposition pressure for SiNy films deposited

within the ECR reactor. The samples correspond to Set 2 from Table 3.
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We observe in Fig. 35 no clear dependence of the residual stress in the films on the

total pressure. However, SiN1 has 100 MPa less compressive stress than SiN2 and

SiN3.
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Figure 36: (a) Stress-temperature curves of the sample SiN1 plotted in open orange symbols
and SiN3 plotted in solid yellow symbols. (b) Stress-temperature curve of the sample SiN2

doubly-thermally-cycled. Data points collected during the first thermal cycle are in solid
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blue symbols; those collected during the second thermal cycle are in open green symbols (b).
Data points collected during heating are triangles while holding the temperature at 400 °C

are circles, and during cooling are squares.

Figure 36a shows the influence of the temperature variation on the residual stress of
two films, SiN1 and SiN3, with different initial stresses. SiN1 film was not held at 400
°C, while SiN3 film was maintained at 400 °C for 1 hour and 10 minutes before being
cooled down to RT. We observed a slight linear decrease in the overall compressive
stress of the films while increasing the temperature. The stress variation was also
linear during cooling, following an identical slope to the one during heating. We ob-
served a faster and irreversible variation of the residual stress in the tensile direction
around 400 °C, resulting in 67 MPa of stress hysteresis in SiN1 and 194 MPa of stress
hysteresis in SiN3 after the thermal cycling. The stress hysteresis was substantial even
for the sample SiN1, which experienced a rapid thermal cycle without maintaining the
temperature at 400 °C.

In Figure 36b, we show the effect of double thermal cycling on the SiN2 film, with the
first annealing longer than the second annealing. The two thermal cycles were consec-

utive, with no further hysteresis after the second one.
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Figure 37: Stress-time curve of the samples SiN2 and SiN3 annealed at 400 °C for 1 hour
and 10 minutes. The solid lines are the best fits of the experimental data using an exponen-

tial (Equation 15).

In Figure 37, we show the time-dependent behaviour of the SiN2 and SiN3 samples
with the same initial stresses. However, we notice that irreversible stress generation
occurs at different rates for the two samples. The films’ mechanical stress seems to
decrease toward some equilibrium compressive value. During the annealing time at
400 °C, irreversible stress variation follows an exponential decay with time as shown

by the solid lines in Fig. 37.
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Figure 38: Scanning electron microscopy image of post-thermal-cycling delamination on sam-

ple SiN1 tilted at a 45-degree angle.

A simple observation of the samples under a scanning electron microscope (SEM)
shows the appearance of circular delamination of the compressive SiNy films after
thermal cycling. Although the SiN1 film was not held at 400 °C, there was still a
significant degree delamination at its surface post-thermal-cycling, as illustrated in
Fig. 38.

The thermal cycling of these films shows irreversible variations in the residual me-
chanical stress. We evaluated the effect of low temperature annealing on three films
that were deposited using the same N»/SiH, flow ratio.

In Figure 36, we showed that the overall mechanical stress only increased by about 10
MPa between RT and the deposition temperature of 120 °C, which indicates that the

global residual stress of the film is mainly induced by the intrinsic stresses produced
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during deposition and not by the thermal mismatch between the film and the sub-
strate. The linear stress variation was similar both during heating and cooling.
We used a linear model as a function of the annealing temperatures below 300 °C,
where the thermal expansion phenomenon was observable. We evaluated the mechan-
ical responses by fitting the linear function below (Equation 14) to the experimental

data:

o=AT + B (14)

Where T is temperature, A is equal to the difference between the film coefficient of
thermal expansion (CTE) and the substrate CTE times the elastic modulus of the
film, B is equal to the initial residual stress during the heating, and equal to the final
residual stress during the cooling of the films. The difference in thermal expansion
coefficients between the film and the silicon substrate can be estimated using the
elastic moduli measured by nanoindentation. One would believe that the delamination
significantly impacts the film’s perceived CTE after annealing; however, it was not

the case in our films.
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Table 5: The CTE values of the films were calculated using the CTE value of 2.6 x10° °C"!
for the Si substrate 74|, the values of the measured slope A of the stress-temperature

curves, and the Elastic modulus of the films.

ECR A Heating A Cooling E CTE Film Heatlng CTE Film COOliIlg

Films | (MPa/°C) [ (MPa/°C) | (GPa) | (+/- 0.2 x10°°C?) | (+/- 0.2 x10° °C?)

SiN1 0.07 0.12 175 2.2 1.9
SiN2 0.09 0.10 168 2.1 2.0
SiN3 0.09 0.09 154 2.0 2.0

Table 5 shows identical CTEs before and after annealing equal to 2.0 4/- 0.2 x 10
°Cl. We found in the literature an estimated CTE value of 3.27 x 107%°C~! for SiN;
films deposited by PECVD [75]. Our estimated and literature values are of the same
order of magnitude, and we assume the difference is only due to the deposition condi-
tions of the different films. Our results clearly show that the film CTE during cooling
and heating were identical over the RT to 400 °C temperature interval, which confirms
the VASE results in Chapter 3 that the microstructure of the films did not change
significantly after annealing.

In our films, the values of A were at around 0.1, which means the residual stress in-
duced by thermal expansion from the deposition temperature to the ambient was of
the same order of magnitude as the stress measurement error of our system around
+/- 10 MPa. Thus, the main contribution to the residual stresses at room temperature
is the intrinsic component of the stress.

113




Ph.D. Thesis - B. Ahammou; McMaster University & University of Rennes
A better understanding of the mechanical responses of the SiNy films during thermal
cycling was required, especially while holding the sample at 400 °C, to evaluate the
irreversible stress generation. In Fig. 37, we suggested the following analytical model

(Equation 15) to fit our experimental data and describe the evolution of the residual

stress at 400 °C:

og=Ce ™™ +D (15)

Where t is time, C is a constant, A is the rate at which irreversible stress generation
occurs, and D is the final residual stress reached after a long time at a temperature of
400 °C.

It is worth noting that these fits are remarkably consistent for both samples, SiN2 and
SiN3. If one would like to describe the behaviour of these films at higher temperatures,
it is necessary to define a A(T) function because the rate 4 is related to the tempera-
ture. After the annealing, the residual stress reached an equilibrium different from
zero. The two samples had different rates of irreversible stress generation (Agiy, =
2.810* s Aginz = 7.7 10* s71 ) even though they had similar initial stresses.

In the literature, irreversible stress generation has often been associated with stress
relaxation, shrinkage of micro-voids existing in the films [69], or hydrogen evaporation,
which changes the film’s CTE [76]. In our study, irreversible stresses do not appear to

be driven by structural modifications of the films since the optical properties of the
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films remained unchanged after the annealing. We recognize that other stress relaxa-
tion mechanisms can also be attributed to stress hysteresis, such as the rearrangement
of atoms at high temperatures to relax the film’s compressive component. Still, we
believe that we do not have sufficient energy to rearrange and form a tensile film state
at 400 °C. We rather assume that the interfacial adhesion of the films is drastically
affected during the thermal cycling due to defect generation at the interface with the
substrate. We observed circular delamination from the underlying silicon substrate in
compressive films at stress magnitudes lower than the initial stress, confirming our
assumption. This delamination can be a significant failure mode that could affect the
performance and reliability of the devices. The delamination is often viewed as an

inconvenience, but they can be useful in flexible electronic devices if well-controlled

[77).

4.3.2. Nanoindentation analysis

At the beginning of my Ph.D. program, we had the nanoindentation measurements
done by an external laboratory using a NanoTest Vantage instrument to measure our
first set of samples deposited by CC-PECVD. They determined the elastic modulus
and hardness from a load-penetration curve measured with a maximum load of 1 mN
and an average penetration depth through the samples of 50 nm, which corresponds

to 10 % of the film’s thickness.
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Figure 39: Elastic modulus and hardness from nanoindentation for 500 nm SiN, films depos-
ited by the CCP reactor with 130 W RF power (compressive built-in stress: -300 MPa).

Substrate: Si. [33]

Figure 39 shows that elastic modulus and thin film hardness increase with the RF
power; however, elastic modulus and hardness values are much higher than those in
the literature for SiN films [1,2,78]. Since our first characterization of the elastic mod-
ulus was done externally, we developed an in-house technique to characterize the elas-
tic modulus of thin films from microbeams, as presented previously. Later in this Ph.D.
work, we collaborated with the Ecole Polytechnique Montreal, and I was trained to
perform measurements and analyze nanoindentation data independently on an Anton
Paar Ultra Nanoindentation Tester (UNHT?). We examined the elastic modulus and
hardness of SiNy and SiOyNy films for various chemical compositions. The
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nanoindentation results showed that the elastic modulus and the hardness evolved
similarly according to N, or O, gas flows introduced into the plasma during the depo-

sition of the ECR-PECVD films.
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Figure 40: The elastic modulus and hardness variation measured using nanoindentation at

10 % of the thicknesses of the films as a function of the N» flow for SiNy.

Figure 40 shows that the elastic modulus and hardness of the SiN4 and SiN5 layers
are very close to the mechanical properties of low-hydrogenated amorphous Si films
presented in [79], however, the elastic modulus and hardness of SiNx films increase
significantly with N, flows higher than 1 sccm. Thus, we approach elastic modulus
and hardness values close to those in the literature [1,2,78] for SiNy films between 100

GPa and 160 GPa.
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Figure 41: The elastic modulus and hardness variation measured using nanoindentation at

10 % of the thicknesses of the films as a function of the O- flow for SiOyNy.

In contrast, Figure 41 shows the opposite effect during the introduction of O, flow,
where we notice a decrease in the elastic modulus and a softening of the films. Since
SiOyNy layers had very similar optical properties to SiOy, in Chapter 3, we expected
that the elastic modulus and hardness of SiO;Ny films would vary similarly and de-
crease significantly towards the mechanical properties of SiOx [80].

This is followed by a section presenting the mechanical properties of SiNy films meas-

ured using a different technique developed during this PhD to characterize the elastic
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modulus of thin films from released microbeams and not influenced by the substrate

properties.

4.3.3. Release of microbeams analysis

We performed the microbeam analysis on 22 microbeams per layer of different com-
pressive stresses (four layers in total). We selected microbeams of different lengths
and widths, as shown in Figure 28, to have a good estimation of error bars. All defor-
mation states (downward or upward) were considered in our analysis to calculate the

elastic modulus values of the films.
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Figure 42: Elastic modulus of SiNy films with compressive built-in stress deposited on Si us-

ing a CCP reactor. [33]

119



Ph.D. Thesis - B. Ahammou; McMaster University & University of Rennes

Figure 42 shows the elastic modulus of compressively strained SiNy films using the
microbeams technique and nanoindentation. The elastic modulus values from
nanoindentation measurements appear to be higher than those from the microbeams
elongation, except for thick films. We can notice a slight increase in elastic modulus
for the nanoindentation measurement while elastic modulus measured from the mi-
crobeams elongation seems unchanged and slightly decrease for large compressive
stresses. As discussed in Ref. [81], the compressive built-in stress would also affect the
nanoindentation results by increasing Young’s modulus. As a matter of fact, the esti-
mation of SiNy films’ Young’s modulus in thin films using different methods is not
trivial, and we believe that the results of nanoindentation performed on thick layers
are more reliable for future modeling. It is also possible to use the microbeams tech-
nique to evaluate the elastic modulus of layers less than 500 nm thick. If we compare
the range of values of the elastic moduli measured by nanoindentation more recently
on a more precise nano-indenter, we obtain values between 100 GPa and 160 GPa,
very close to those measured by microbeams on different samples and those in the
literature[1,2,78].

The mechanical properties of amorphous SiNy-based multilayer structures are shown

in the following part.
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4.4. Characterization of the mechanical properties of silicon

nitride-based multilayer structures

4.4.1. Residual stresses in multilayer structures

It is common to find multilayer structures with hundreds of individual layers since the
number of layers significantly influences the performance of some optical devices. How-
ever, the mechanical stress of each layer can lead to excessive deformation and some-
times the deterioration of optical devices. Thus, it is necessary to control and charac-
terize the mechanical properties of multilayer structures. We discussed in Chapter 3
how to fabricate and characterize the optical properties of multilayer structures and
measure their thickness profiles using VASE. This study mainly focuses on character-
ising the mechanical properties of SiNi-based multilayer structures using curvature
measurements and nanoindentation.

In this work, we first studied the effect of mechanical stress on multilayer structures
designed with identical 100 nm thick layers (2L, 4L, 6L, with L for layers). Then, we
designed a multilayer structure considering its mechanical and optical properties to
make an optical notch filter, as discussed in Chapter 3. The notch filter was designed
using a quarter-wave thickness structure and an optically optimized structure. All
structures obtained by simulation were fabricated using SiNy-based multilayers. We
used a weighted average of each monolayer’s residual stress considering its estimated

thickness, to predict the overall multilayer residual stress. The predicted residual stress
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was compared with the measured residual stress from the wafer curvature. Since the
Stoney formula does not consider the elastic modulus of the films, we were able to
measure the global residual stress of multilayer structures according to the global

thickness of the multilayer structure.
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Figure 43: Three multilayer structures with 2, 4, and 6 layers of 100 nm each deposited on a
Si substrate. The measured residual stress values are in solid orange color, and the predicted

residual stress values are in a grading blue color.

Figure 43 shows a slight difference between the measured stresses and those predicted,
which can be due to several reasons, among them the uncertainty of the thicknesses
of the layers predicted by the model VASE. We also notice that the overall residual

stress does not depend on the number of layers in multilayer structures as long as the
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SiN/SiON thickness ratio remains constant. However, even if the residual stress re-
mains the same, the forces applied on the substrate increase with the thickness, with-
out any controlled relaxation mechanism, the layers can delaminate from the sub-

strate.

11LQWS 11LOPTS

o
o

-100

-150

-200

Residual stress (MPa)

-250

-300

Multilayer sample

Figure 44: 11-layers notch filter structures with a QWS and an OPTS profiles. The meas-
ured residual stress values are in solid orange color and the predicted residual stress values

are in grading blue color.

Figure 44 shows a similar comparison between the measured and predicted residual
stresses for the 11L quarter-wave thickness (QWS) sample, where a periodicity in the
thicknesses of the layers is followed. However, the measured residual stress in the 11L

optimized thickness (OPTS) sample is significantly lower than the predicted residual
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stress. In the case of 11L OPTS, all the thicknesses of the stack are different and few
of them are very thin less than 10 nm (see Figure 19) compared to the 11L QWS
where all layers are above 40 nm and vary with periodicity (see Figure 17).

We can explain this reduction of residual stress by the non-periodicity of the layer
thicknesses in the optimized structure. Thus, the thicker layers can apply higher in-
terface forces on much thinner layers leading to partial stress relaxation at the inter-
faces between the layers. However, in the previous Chapter, we noticed that the optical
properties of the optimized filter were not significantly impacted by this drop in re-
sidual stress. Thus, we assume that stress relaxation did not introduce macroscopic
geometric changes to the structure. Integrating the mechanical component into the
optimization process to optimize the design of multilayer structures will be interesting,

considering both the optical and mechanical properties.

4.4.2. Nanoindentation analysis of multilayer structures

To characterize the elastic properties of thin films, it is necessary to decouple the
contribution of the thin films from that of the substrate. We usually circumvented
this problem by limiting our nanoindentation measurement to 10 % of the film's thick-
ness, illustrated by a dashed black line in Figure 45. It is, however, difficult to limit
our measurements to 10 % of the thickness when this one is very low, less than 300
nm thick. We use films with a thickness between 10 and 140 nm in our multilayers,
meaning measurements between 1 and 14 nm should be used to determine their elastic
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properties. However, the tip size effects can extend up to 50 nm from the surface,

making such measurements nearly impossible on our thin films. It is even more chal-

lenging to perform these measurements on multilayer structures, where several films

contribute together to nanoindentation.
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Figure 45: Elastic modulus of SiNy-based monolayers and multilayers on Si substrate versus

normalized indentation depth.
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Figure 45 shows an elastic modulus of a SiNy monolayer around 160 GPa and a SiOyNy
monolayer around 70 GPa at 10 % of the thickness. The multilayer structures had
elastic moduli between 70 GPa and 160 GPa since all layers contributed to their
elasticity. We notice that the elastic modulus changes significantly as a function of
the thickness and approaches the elastic modulus of the Si substrate (169 GPa)[82].
These variations can be correlated with the presence of different materials in the mul-
tilayers. It is possible to develop empirical, semi-empirical, or analytical models to
decouple the contribution of each layer to the elasticity of the multilayer structure
and the influence of the substrate. However, applying these models to process the
obtained curves is complex and slow [83,84] and requires the knowledge of parameters
that are difficult to determine with precision and reliability. Thus, we can reduce the
elastic behaviour of the multilayer structure to an average of Young's moduli of the

different layers according to their thickness.
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4.5. Conclusions

We discussed, in this Chapter, SiNy-based thin films with tunable mechanical proper-
ties fabricated by employing an ECR-PECVD reactor. We characterized the residual
mechanical stress using wafer curvature measurements and estimated the films' elastic
modulus and hardness using nanoindentation. Just as the optical properties in Chapter
3, the layers' mechanical properties were also significantly affected by gas flow varia-
tion. We also studied the effect of post-deposition thermal cycling on the properties
of the films. We realized that the residual stresses generated by the thermal mismatch
between the deposition and ambient temperature were not the main contribution to
the stress and the global stress was mainly intrinsic. We also quantified the rates of
irreversible stress generation according to annealing time at 400 °C, which we suppose
is useful for studying the generation of delamination in thin compressive layers and
investigating the interface conditions between the coatings and the substrate. Finally,
we studied the mechanical properties of multilayers using a global weighted residual
stress measurement and a nanoindentation measurement in a CMC mode to evaluate

the elastic modulus of the multilayers over the indentation depth.
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5. Study of the Induced Strain in a Semiconductor Substrate

5.1. Introduction

We studied in the previous Chapters how to control the optical and mechanical prop-
erties of SiNy-based films by tuning the PECVD process parameters. We investigated
the residual stress/strain of the films at a macroscopic scale using wafer curvature
measurements. In this Chapter, we propose studying the effect of SiNy thin films as
stressor layers on bulk semiconductors at the microscopic scale using optical methods.
As discussed in Chapter 1, the strain field induced by a stressor layer on a semicon-
ductor material varies the material’s optical properties, which is particularly interest-
ing in designing photoelastic waveguides [15]. Stressor stripes can induce variations in
the refractive index beneath them and define a guiding region in the semiconductor
without requiring the use of several materials (core and cladding). For that reason,
we structured SiNy stressor layers into elongated stripes using optical lithography and
etching. Then, we evaluated the locally induced strain field in the underlying substrate
using micro-photoluminescence (micro-PL) for GaAs and micro-Raman spectroscopy
for Si. Many research groups measured the spectrally resolved PL, analyzing the spec-
tral shift of the band-to-band transitions in bulk semiconductors to evaluate the local
strain [32,85,86]. In this research project, we used a technique proposed by Cassidy et
al.[87] where the degree of polarization of the PL (DOP-PL) is used to investigate the

anisotropic part of the strain tensor locally.
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As an illustration of strain distribution in indirect bandgap semiconductors, we meas-
ured a micro-Raman profile across a stressor stripe on a Si substrate. However, we
will mainly focus in this Chapter on results obtained by the DOP-PL measurements
on GaAs and compare them with numerical simulations performed on COMSOL Mul-
tiphysics®.

First, we give a brief description of the DOP-PL method used to measure our samples,
and then we discuss the experimental and simulation results obtained from both sur-

face and cross-section measurements.
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5.2. Experimental details

5.2.1. Degree of polarization of the PL

The principle of DOP-PL measurement is to excite the material’s PL at room temper-
ature using a 635 nm red laser focused on the semiconductor’s surface. Note that the
DOP-PL technique uses the spectrally integrated PL signal. As discussed in [87], we
can suppose that substrates emit PL radiation polarized according to the stress state
of semiconductors, where the anisotropic deformation of a cubic crystal such as GaAs

or InP induces a DOP-PL.

% hyfg* GaAsor InP

Figure 46: Geometry of a SiNy stripe on an InP or GaAs (100) substrate.

We define the DOP-PL for the material under study as:

(16)

where L,, and L, are the measured irradiance for light polarized along the x, and z

directions, respectively. “y” denotes the propagation direction for both the excitation
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laser beam and the detected PL signal beam, “x” and “z” are two directions in the
perpendicular plane, as shown in Figure 46. More precisely, we assume in [87][88] that
DOP-PL signal is related to the difference in the normal strain coefficients with two
orthogonal directions in the plane perpendicular to the laser beam used for these

measurements. The DOP-PL, as measured on the cross-section, is related to the strain

by the following formula [88] (see Fig. 46 for the x, y, and z axes):

DOP, = —=C - (&xx — €22) (17)

where (&4 — &;,) denotes the difference in the normal components of strain [87]. The
DOP constant C depends on the semiconductor material, and it has been reported
that C = 50 +/- 10 for GaAs [87]. Thus, a positive DOP signal indicates that the
crystal deformation is locally more compressive (or less tensile) in the x-direction than
in the z-direction for the case of the (110) cross-section measurements.

We scanned the samples with a step of 0.5 pm and a laser spot diameter of the order
of a micrometre. The sensitivity of this technique to local strains is very high; strains
as low as 10 can produce detectable DOP-PL signals [87]. Thus, we can measure the
anisotropic stress associated with a precision of the order of MPa.

Recently, Schaub et al.[34] developed an updated acquisition setup to show maps of

the degree of linear polarization of PL (DOLP-PL) proportional to the anisotropic
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strain and orientation maps of the linear component of the PL polarization state,

which is a principal axis of the strain.

5.2.2.  Set of samples

All the SiNy thin films used in this part were fabricated using the CCP reactor with
controlled deposition conditions. The built-in stress in these thin films was adjusted
by controlling the deposition power. We prepared SiN thin films with different built-

in stresses: (-280 MPa, -293 MPa) compressive films and (164 MPa, 285 MPa) tensile

films.
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Dry etching

[

SF,

B GaAsSubstrate
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Figure 47: SiN; stripe patterned by photolithography and etched by reactive ion etching us-
ing an SFg plasma on a GaAs (100) substrate. Scan-line for the DOP measurement from the

surface and square for the cross-section measurement area.

The films were subsequently patterned by photolithography and etched by reactive
ion etching using an SFg plasma, as shown in Fig. 47. Similar to the microbeams
process, the photolithography step was carried out with a positive photoresist using a

so-called "maskless" equipment (Smart Print UV from microlight 3D company). The
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patterns design, simple to implement in our case, has remained similar to the mi-
crobeams fabrication. However, the stripes were aligned to the crystallographic axis
[110] and [1-10] of the GaAs crystal. After a dry etching by SF¢ plasma and removal
of the photoresist layer, stripes with a length of 1.2 mm and a width comprised be-
tween 5 pm and 50 pm are formed. Such stripes acting as stressors on the GaAs can

be seen in Figure 48.

I— 10pm JSM7100F 3/10/2022
10.0kV SEI SEM WD 20mm

Figure 48: SiN, stripes on GaAs obtained after deposition with the CCP reactor and a dry
etching process using an SFg plasma.
Then, we performed DOP-PL measurements to map the magnitude and distribution
of residual mechanical strain in GaAs (100) substrates induced by the presence of

strained SiNy stripes. We measured the samples from the top surface but also in cross-
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section configuration. Compressed SiNy stripes were fabricated on Si for micro-Raman

measurement following the same process.

5.3. Results and discussion

5.3.1.Strain mapping beneath a stressor layer

We note that the length of the stripes was significantly longer (a few millime-
tres) compared to their width (microns). So, we can consider the stripes infinite along
the y-axis and assume that the stress relaxes mainly along the x direction on the xy
plane, see Fig. 47. For a stripe that is infinite along the y direction, it has been shown
in [32] that the plane strain approximation in the (x,z) plane is valid for these samples.

Therefore €, can be considered negligible.
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Figure 49: DOP-PL top surface GaAs for two different SiN, 20 pm stripes (initial residual
stress before etching: 285 MPa tensile in red (50 W) and -293 MPa compressive in blue (130

W)) deposited by a CCP reactor on GaAs substrate. [33]
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Figure 49 shows DOP-PL measurements performed on a GaAs sample from the top
surface across the stripe. Due to the limited penetration of the excitation laser at 635
nm, the PL signal collected in this configuration is a weighted average of the PL signal
in the 100 nm absorption depth in the substrate material beneath the surface [88].

We can also observe, in Fig. 49, sharp peaks near the stripe edges, with opposite signs
inside versus outside the stripe. This behaviour of the perpendicular strain &,, is the
signature of the discontinuity occurring after etching the stressor films and was first
analyzed more than thirty years ago in the framework of the edge force model [89].
This model was further sophisticated, considering that the stress in the thin films
undergoes relaxation near the edges (see discussion in [32]). The DOP-PL line scans
reveal other interesting features in Fig. 49. First, the DOP-PL signal remains finite
near the stripe centre, which shows that the strain cannot be considered biaxial near
the stripe centre, even if this stripe is “broad”. Second, the perpendicular strain prop-
agates in the semiconductor outside the stripe over distances of several tens of pm.

In the case of indirect gap semiconductors, the PL technique is not applicable for
stress measurements. Then, the micro-Raman technique is appropriate and has been
widely used [90]. However, data acquisition time is considerably longer in micro-Ra-
man than in micro-PL because the Raman signal is orders of magnitude lower than
the PL signal. Here we just illustrate the technique with a single top surface line scans

performed by Alain Moreac (R&D engineer at University of Rennes) on our Si samples
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covered by a SiN stripe deposited by PECVD with built-in compressive stress, as

shown in Fig. 49.
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Figure 50: Raman shift profile measured from the surface across a SiNy stripe deposited by

PECYVD on Si (stripe width 20 pm / built-in stress — 280 MPa).

We note that the Raman shift is a good approximation measurement of the hydrostatic
(isotropic) crystal deformation unless some complex Raman line shape modelling is
performed [90]. Strain shifts the Raman scattering peaks of semiconductors, and the
sign of this shift depends on the nature of the strain, either compression or tension.
Positive shifts correspond to compressive stress and negative ones to tensile stress.
Fig. 50 reveals a trend similar to that shown in Fig. 49, where the strain /stress

discontinuities at the stripe edges govern the shape of the experimental curves.
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We also prepared cleaved samples to measure the cross-section of DOP-PL
mapping beneath stripes with different widths and residual stresses. After carefully
cleaving the sample through the SiNy stripe, we performed measurements from the

cross-section to investigate the strain distribution induced by the stressor stripe.
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Figure 51: DOP-PL cross-section of GaAs for two different SiNy stripes (20 pm stripe in ten-
sion at 164 MPa (a) and 50 pm stripe in compression at -280 MPa (b)) deposited within the

CCP reactor on GaAs substrates. [33]

It is interesting to note in Fig. 51 that for both the 20 ym wide tensile stripe and the
50 pm wide compressive stripe, the anisotropic deformation in the semiconductor bulk
is significant up to 10 microns in depth. However, dielectric thin films reverse the sign
of the anisotropic strain due to the difference in residual stress.

So far, the results deal with crystal deformation measurements or mappings performed
within the semiconductor. These measurements, of course, do not require knowledge

of the semiconductor or dielectric thin film elastic properties. However, these
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properties are required, for example, if one wants to perform accurate simulations of
the crystal deformations. Whereas the elastic properties of most standard semiconduc-
tor materials are rather well known, this is not at all the case for dielectric thin films.
As shown in Chapter 4, the mechanical behaviour is highly dependent on the deposi-
tion conditions and requires a detailed characterization. Thus, we have used the elastic
properties of the dielectric thin films from Chapter 4 to perform accurate simulations

of the crystal deformations in the following part.

5.3.2. Finite element simulations

It is essential to build numerical models of the strain effects produced by stressor
layers on semiconductors to help predict changes occurring on photonic devices from
strain engineering using stressor layers. For this reason, we chose a finite element
approach to have an efficient tool for designing photonic components. We included
different differential equations to account for the linear elasticity of different materials
involved, such as the semiconductor substrate and dielectric stripe stressor.

We used COMSOL Multiphysics® for our numerical approach to coupling different
deformation mechanisms. In addition to this choice, an important issue was choosing
between a two-dimensional (2D) versus a three-dimensional (3D) simulation. When
the designed components have a long enough dimension, such as stripes with a length
at least 100 times higher than their thickness and width, the 2D model with plane
strain assumption [91] is appropriate. For instance, it allows for an accurate calculation
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of local materials’ properties affected by stress, such as the refractive index in any
cross-section. We have checked the validity of the 2D simulation for long devices such
as stressor stripes at the surface. To illustrate this, we have defined a SiNy stripe with
initial bi-axial stress equal to the built-in stress deduced from the curvature measure-
ments. We chose this method as the one most similar to the experimental process,
where the stripe is defined by etching through a dielectric thin film with initial built-
in stress. We have tried validating our numerical simulation approach by comparing
it with the DOP-PL profiles and maps measured experimentally. The COMSOL sim-
ulations were performed using a two-dimensional plane strain model with standard
free surface conditions and prescribed displacements. We took the elastic properties of
the GaAs substrate from the literature [46] and our experimental estimation from
microbeams (see Chapter 4) for the deposited SiNy thin film.

For the top surface measurements, the DOP formula is:

DOP, = —C - (&xx — &) (19)

We cannot use this formula directly because the normal deformations ey and ¢y, vary
strongly along the vertical dimension z (see Figure 47 for the x, y, and z axes). A
generalized formula, considering the penetration depth for the excitation laser beam,
has been proposed and validated against experimental data for the case of an extension

of the analytical edge force in Ref.[32]. However, applying this formula in the
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framework of our numerical simulations, even in the 2D approach, consumed a lot of
computer time. Thus, we used (Equation 19) and adjusted coefficient C to provide the

best agreement with the experimental DOP-PL measurements.
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Figure 52: A comparison of DOP-PL simulations with DOP-PL line scans on the top surface

of a 20 pm SiN; stripe with 164 MPa tensile stress. [33]

The resulting experimental and numerical line scans are shown in Figure 52. As can
be seen, the agreement is correct (determination coefficient R* =0.78).

We also performed a simulation of the DOP-PL signal from the cross-section to com-
pare them with the experimental maps of Fig. 51. We used a 2D plane strain model

with standard free surface conditions and prescribed displacements. We considered
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initial bi-axial stress in the films equal to the built-in stress deduced from the curva-

ture measurement.
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Figure 53: DOP-PL simulations for two different SiN, stripes, a 20 pm stripe in tension

164MPa (a), and a 50 pm stripe in compression -280MPa (b), on GaAs substrates. [33]

Fig. 53 shows details of the DOP-PL signal, which are not all identified on the exper-
imental map, especially in the edges. We attribute this to the limited spatial resolution
(~ 1 um) of the experimental DOP-PL maps. We can notice an agreement with Fig
51. The anisotropic deformation in the semiconductor bulk remains significant at more
than 10 microns in depth. The comparisons of the DOP results with the simulation
were satisfactory. As discussed in Chapter 1, the induced mechanical strain can modify
materials' refractive index and allow the fabrication of photoelastic waveguides. Thus,
we used the same finite element model used to reproduce the DOP results in this
Chapter to calculate the refractive index maps of GaAs under a SiNy stressor stripe

using the photoelastic coefficients of GaAs [11].
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Figure 54: Simulation of refractive index distribution in the cross-section of GaAs under a

20 pm wide SiNy stripe in compression at -280 MPa.

Figure 54 shows the refractive indices n., nyy, and ny, maps in bulk GaAs under a 20
pm wide SiNy stripe in compression at -280 MPa. We note that this stressor SiNy
stripe induced a spatial modulation of GaAs refractive index in both lateral (n.) and
vertical (nyy) directions for about An~0.01. It results in a higher refractive index be-
neath the compressive stripe, which goes in the direction of what would be needed to
guide the light under the stressor layer. These refractive indices values were calculated
for a wavelength of 1.15 um, but we do not expect them to change significantly for

other energies below the bandgap of GaAs.
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5.4. Conclusions

This Chapter focused on experimental techniques for determining local strain field
distribution in the vicinity of a dielectric thin film structure deposited on a semicon-
ductor substrate. For III-V semiconductors, we used DOP-PL measurements, while
micro-Raman spectroscopy was used for a Si substrate. Then, we compared some re-
sults obtained on GaAs with numerical modelling of the mechanical stress distribution
induced into semiconductor materials by the presence of thin film dielectric structures
using COMSOL Multiphysics®. The comparisons of the results with simulation were
satisfactory, making it possible to validate the quality of the characterisation methods
that have recently been developed. Last, we showed how the strain field induced by a
stressor layer on a GaAs varies the material’s refractive index, which is particularly

interesting in designing photoelastic waveguides
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6. Conclusions and Perspectives

The following sections provide a summary of the work carried out during our research

journey and offer perspectives for future work enabled by our studies.

6.1. Summary

In this research work, we aimed to achieve progress in the integration of strain engi-
neering techniques in optoelectronics manufacturing through the control of the phys-
ical properties of dielectric thin films and studied their impact on IITV semiconductors.
A variety of experimental studies were performed, whose primary objective was to
better understand and characterize the optical and mechanical properties of SiNy-
based thin films deposited by plasma-enhanced chemical vapour deposition (PECVD).
The obtained results made it possible to control the properties of SiNy-based thin films
and fabricate real devices such as multilayer optical filters and stressor layers. Simu-
lations were used as a tool to confirm certain experimental results and not to predict
the properties of thin films from their deposition conditions. This thesis benefited from
the unique testing facilities of a French-Canadian collaboration between the University
of Rennes and McMaster University. The collaboration offered access to two different
plasma reactors and to processing facilities such as clean rooms, either to produce
some of the building blocks typical of the semiconductor industry or to produce devices
designed to evaluate some of the essential elastic properties such as released mi-

crobeams discussed in Chapter 4.
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We initially focused on the deposition techniques (standard CC-PECVD and ECR-
PECVD) to get the best possible control of the optical and mechanical properties of
the dielectric thin films. Then, we used a wide variety of experimental techniques
available in different laboratories to measure the ex-situ properties of the thin films
themselves (such as ellipsometry, nano-indentation, and profilometry) or to charac-
terize the semiconductor material in the vicinity of the dielectric thin film structure
using (micro-PL, micro-Raman). Some of the deposition and characterization tech-
niques were developed during this research work and are unique, allowing us to go
beyond standard approaches. We were able to control the refractive index of SiN-
based films by tuning the process parameters and optimized the deposition conditions
to design functional multilayer structures. Similarly, we controlled the mechanical
properties of the films using different characterization methods such as wafer curva-
ture measurements, nanoindentation, microstructures fabrication. We also described
our approach to the determination of the elastic properties (mainly bi-axial Young’s
modulus) of the dielectric thin films, based on the combination of a large panel of
techniques.

We fabricated stressor stripes with residual stress on-demand and studied their influ-
ence on the substrate. We also addressed modelling of the mechanical strain distribu-
tion induced into semiconductor materials by the presence of thin film dielectric struc-
tures. The comparison between the experimental results and simulation was well fit-

ting. One important feature of our approach is that we can determine different
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elements of the stress / strain tensor using our panel of experimental techniques, such
as measuring both the isotropic part (i.e. volume change) using micro-Raman spec-
troscopy and the anisotropic part of the crystal deformation using DOP/DOLP-PL

measurements, as well as mapping of these contributions with a micrometer resolution.

6.2. Suggested future work

We presented in this thesis several avenues for further research which could be pursued
in future work to enhance the results presented here. The digitization of deposition
reactors is an important step to collect maximum good-quality data during deposition
to enhance our ability to control the physical properties of thin films on demand.
Characterizing the plasma and film properties in situ is essential to understand certain
phenomena related to the plasma surface interaction and growth mechanism of amor-
phous thin films. Therefore, we can use an analytical model employing different math-
ematical approaches, such as linear and cubic regressions over the measured data, to
develop a prediction model for each deposition reactor. This approach will help us
obtain initial recipes to engineer some optical and mechanical properties combinations
on demand. It would be practical to begin by predicting the deposition rate of the
thin films and their optical properties since these two parameters can be measured in
situ in some systems with integrated ellipsometry, and the data collection can be

performed faster.
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After improving the control of the properties of the films, it is possible to design
“stressor” elements integrated into optoelectronic devices to control some of the sem-
iconductor properties through the locally applied stress. Large-scale industrial schemes
already use this strain engineering approach, but many new ideas could be proposed

for such development.
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