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Résumé

Cette thèse est consacrée à l’étude d’une méthode alternative et originale pour élaborer un film mince de
silicium monocristallin ultra-contraint dans le but de développer une plateforme d’ingénierie de la dé-
formation ("strain engineering") pour les semi-conducteurs monocristallins. Les contraintes sont large-
ment utilisées pour améliorer les performances des transistors à base de silicium et offrent des possi-
bilités exceptionnelles, notamment pour l’utilisation de semi-conducteurs compatibles Complementary
metal–oxide–semiconductor (CMOS) dans des applications optoélectroniques. Les méthodes habituelles
utilisées pour fabriquer des semi-conducteurs contraints sont limitées en termes de valeur de déformation,
d’orientation de la contrainte, de surface déformée et de qualité cristalline. Notre objectif est de proposer
un procédé permettant de contrôler précisément l’état de déformation (c’est-à-dire le tenseur de défor-
mation) dans un monocristal. Ce procédé est applicable à différents semi-conducteurs et matériaux et est
compatible avec un environnement industriel. Le procédé étudié ici repose sur le collage polymère tempo-
raire, l’abrasion mécanique, la gravure humide et le collage direct pour transférer un film mince de silicium
monocristallin d’un substrat de type silicium sur isolant à un polymère flexible. Puis le cristal est déformé
en appliquant une contrainte externe et est enfin recollé sur un substrat rigide. Les structures silicium sur
polymère (SOP) ont été obtenues avec des films minces de silicium monocristallin d’une épaisseur allant de
20 à 205 nm. Des films d’un diamètre total de 200 mm ont été transférés ainsi que des motifs. Une étude ap-
profondie du comportement mécanique des structures SOP est fournie en utilisant des platines d’essai de
traction biaxiale et uniaxiale combinées à la spectroscopie Raman, de la corrélation d’images numériques,
la diffraction des rayons X et à la micro diffraction de Laue (µLaue). Ces résultats ont été utilisés pour
valider un banc d’essai mécanique adapté aux structures silicium sur polymère flexibles. Des stratégies
d’acquisition et d’analyse de données ont également été developpées. L’utilisation d’une membrane sous
pression (bulge test) a permis le collage direct entre un film de silicium déformé et un substrat de silicium
oxidé. La diffraction des rayons X offre une analyse détaillée du cristal transféré. Le processus de transfert
a également été adapté à des dispositifs fonctionnels et à des films minces de nitrure d’aluminium poly-
cristallin. Notre banc d’essai mécanique a permis d’extraire le coefficient de déformation ou de contrainte
Raman de l’AlN dans différentes configurations. Ces résultats prometteurs ont montré que le collage direct
est une méthode appropriée pour maintenir un film mince de silicium monocristallin dans un état de con-
trainte après son retrait d’un substrat de polymère flexible étiré. Cela peut conduire à un développement
sans précédent dans l’ingénierie de la déformation. Des travaux ultérieurs peuvent permettre la production
de films minces déformés de différentes natures, orientations et niveaux de déformation.

Mots Clefs : semi-conducteur, contraint, films, collage, rayon X, Raman
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Abstract

This thesis is dedicated to the study of an alternative and original method to produce strained single-crystal
silicon thin film in an effort to develop a strain engineering platform for single crystal semi-conductor.
Strain engineering is widely used to boost Si based transistor performance and offers outstanding possi-
bility for the use of Complementary metal–oxide–semiconductor (CMOS) compatible semi-conductor in
interesting optoelectronic applications. Usual methods used to fabricate strained semi-conductors are lim-
ited in terms of achievable strain value, strain orientation, strained surface and crystalline quality. We aim
at proposing a process allowing to tune precisely deformation state (i.e., strain tensor) in a single-crystal.
This process is applicable for different semi-conductors and materials and compatible with an industrial
environment. The process studied here relies on temporary polymer wafer bonding, mechanical grinding,
wet etching and direct bonding to transfer a single crystal silicon thin film from a Silicon On Insulator sub-
strate to a flexible polymer, strain the crystal and bond it back on a rigid substrate. Silicon On Polymer
structure were obtained with single crystal silicon thin film with a thickness ranging from 20 to 205 nm.
Up to full diameter 200 mm films were transferred as well as patterned wafers. An extensive study of me-
chanical behavior of Silicon On Polymer (SOP) structures is provided using biaxial and uniaxial tensile test
stages combined with Raman spectroscopy, digital image correlation, X-ray diffraction and Micro Laue X-
ray Diffraction (µLaue). These results were used to validate a custom mechanical bench test for flexible SOP
structures. Corresponding data acquisition and analysis strategies were also developed. The understanding
of SOP mechanical behavior enabled the use of a bulge test apparatus to perform a direct bonding between
a strained SOP and a silicon oxide die. µLaue allowed for a detailed analysis of the reported crystal. The
transfer process was also adapted to functional devices and poly-crystal aluminum nitride thin films. Our
custom mechanical bench test allowed the extraction of AlN Raman strain or stress coefficient in different
configurations. Promising results showed that direct bonding is a suitable method to maintain a single crys-
tal silicon thin film in a strained state after removal from a stretched flexible polymer substrate. This can
lead to some unprecedented development in strain engineering. Further work can enable the production
of strained thin film of different nature, stress orientation and strain level.

Keywords: semiconductor, strain, films, wafer bonding, X-ray, Raman
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Introduction

Transistors and devices based on semi-conductors have been following a trend of constant miniaturization

in order to increase their performances. Many issues have to be overcome to decrease the dimensions of

transistors and achieve satisfying performances. One of the challenge is the control of strain in micro and

nanostructures. Fabrication processes or temperature changes can induce strain leading to failure or loss

of performance. Hence, great care has to be taken to control and monitor strain in semi-conductors. Nev-

ertheless strain or stress can also have a positive effect on performances, power consumption and material

properties for certain applications. Since 2000, strain engineering has been a key point in the architecture

of modern transistors and microelectronic devices. Different methods have been investigated to produce

strained micro or nanostructure with the use of stressor layer, epitaxial growth or stress concentration. A

significant amount of effort has been also made to produce strained substrates. In this case, strained struc-

ture can be designed without adding complexity to the device fabrication.

This thesis is dedicated to the study of an alternative and original fabrication process to obtain strained

thin films with macroscopic surface areas. The goal is to obtain a strained semi-conductor thin film on a

rigid substrate. The workflow is divided in three steps: transferring a thin film on a flexible and stretchable

substrate, applying a strain to the flexible structure and finally transferring the strain thin film to a rigid sub-

strate. The process is based on silicon single-crystal layer transfer using temporary polymer wafer bonding,

application of external stress on a flexible semi-conductor on polymer and direct bonding. The first chal-

lenge is to be able to transfer a single-crystal semi-conductor film of controlled dimensions and quality on a

suitable flexible substrate from a commercial Silicon on Insulator (SOI). The different mechanisms limiting

the maximum achievable strain in the thin film are also to be determined. And finally the problematic is to

determine if a strained single crystal can be transferred from a flexible substrate to a rigid one without strain

relaxation. The whole process developed here is compatible with industrial tools and can be performed for

samples with dimension ranging from micrometer to full size 200 mm wafers. Compared to what can be

found in the literature, it allows to control strain both in amplitude and crystal orientation. Silicon thin

films are used for proof of concept, as the material is easily available and is a suitable choice for many strain

engineering applications. However the technological developments presented in this thesis are easily ap-

plicable to other crystalline materials.

The first chapter is dedicated to the study of the state-of-the-art in strain engineering, bonding and thin

film transfer for semiconductors. The effect of strain on material properties will be presented, as well as

different approaches used to achieve strained structures in the literature. An overview of adhesive and di-

rect wafer bonding is also given to introduce the techniques used for the transfer process. It is essential to

understand the mechanisms involved in wafer bonding with or without the used of adhesive layers in or-

der to identify the difficulties of a single-crystal thin film transfer between organic and inorganic substrates.

The second chapter presents in detail a transfer process for single-crystal Silicon (sc-Si) thin films of

various geometries and thicknesses on various polymer substrates. The different fabrication techniques

are described (wafer bonding, lithography, wet etching, dry etching and mechanical grinding) along with
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the different wafers and polymers and process variations. The silicon films thickness ranges from 20 nm to

205 nm while the substrates thickness ranges from 40µm to 230µm. A focus will be made on the influence

of the bonding interface quality and localization on the quality of transferred films. Extended characteri-

zations of the bonded stack and transferred films will be presented at different steps of the process (Scan-

ning Acoustic Microscopy, ellipsometry, X-Ray Reflectivity, Atomic Force Microscopy, Raman spectroscopy,

defectivity, Scanning Electron Microscope and adherence energy measurement using blade insertion tech-

nique).

Then in a third chapter, the mechanical study of resulting Silicon On Polymer (SOP) structure will be ex-

posed in order to determine limiting factors in maximum strain. Raman spectroscopy and X-ray diffraction

techniques (monochromatic X-ray Diffraction and Micro Laue X-ray Diffraction) were used in combination

with tensile test apparatus to build a custom-made test bench. In particular, the experimental procedure

will be detailed as well as the data processing. Both uniaxial stress and biaxial stress effect on the structure

will be evaluated. The goal is also to provide a platform for the study of the mechanical behavior of crys-

talline materials on flexible substrates.

This leads to a fourth chapter dedicated to the transfer of a permanently strained silicon film from a

flexible polymer substrate to a rigid substrate compatible with industrial fabrication processes. Adjustment

to standard surface preparation methods will be needed to accommodate the used of flexible polymer sub-

strates. The experimental bulge test set-up used to strain and transfer single-crystal Silicon films on a rigid

substrate will be presented. Strain characterization of the resulting samples will be exposed using Micro

Laue X-ray Diffraction and Raman spectroscopy.

Finally a collaborative work on the transfer of poly-crystalline aluminum nitride-based devices and thin

films with a Post-Doctoral researcher in our group (Edy Azrak) is presented to illustrate the versatility of

the transfer and characterization processes initially developed for silicon thin films. Aluminum nitride is a

piezoelectric material commonly used in telecommunication or radio-frequency applications. Similarly to

silicon the transfer process to a flexible will be evaluated for different film thicknesses (200 nm to 1600 nm)

with extended characterizations at different process steps. The mechanical characterization initially devel-

oped with silicon will be also used for these piezoelectric films.
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CHAPTER 1. State of the art

Introduction

This first chapter aims at giving some insights on what motivated this thesis and how this work is positioned

relative to the literature, along with the relevant theoretical framework and recent developments. First the

principle of strain engineering in semi-conductors will be exposed along with some examples. The main

approaches used in this field and corresponding research teams will also be detailed. Then an overview

on adhesive and direct wafer bonding mechanism and techniques will be provided in order to give a better

understanding of the transfer process proposed in this thesis. As part of this thesis is dedicated to a trans-

fer process partially based on transfer of crystalline Si film on polymer substrate, we will review different

transfer methods and how they can be used for strain engineering.

1.1 Elastic strain engineering in crystalline materials

1.1.1 Principle and motivation of strain engineering

1.1.1.1 Crystal lattice and electronic band structure

Before we described the effect of strain on a single-crystal material, we quickly review the basic definition

and properties of crystalline materials, in particular the electronic band structure from which most prop-

erties can be derived. In crystalline materials, atoms are arranged in a periodic structure. This structure

is defined by a unit cell, which is the smallest atom arrangement repeated in a three dimensional space to

form a perfect crystal structure. The number of atoms, their nature and their relative positions characterize

the unit cell. In the case of silicon crystal, the unit cell is formed by two atoms of coordinates (0, 0, 0) and

(1/4, 1/4, 1/4) in the crystal referential system ( x = [100], y = [010], z = [001]). The resulting lattice is a Face

Centered Cubic (FCC) with half of the tetrahedral interstitial sites filled, also called a diamond structure, as

seen in figure 1.1(a). The inter-atomic distance is defined by the equilibrium between interatomic attractive

and repulsive forces. For silicon, the cubic lattice parameter aSi is equal to 5.431 Å at room temperature. The

application of an external stress on a crystal changes the inter-atomic distances, depending on the elastic

modulus corresponding to the stress direction. By changing the inter-atomic distances, this applied stress

and resulting strain will affect the interactions between the electrons of different atoms. The energy levels

of electrons are quantified and according to the Pauli exclusion principle, two electrons can not be in the

same quantum state. For a single atom, the quantum energy levels are well defined. When a second atom is

brought nearby, the respective electrons start to interact and the energy levels start to hybridize. In a crys-

tal, a very large number of atoms are brought together and share many electrons in covalent bonds. Thus, a

degenerescence in the electron energy levels is observed, and the Pauli exclusion principle is still respected.

In periodic crystals, band diagrams are used to represent the energy levels occupied by electrons as seen in

figure 1.1(b) for silicon.

(a) (b)

Interatomic distance
aSi

s

p

Band gap

Energy

Conduction band

Valence band 

Figure 1.1: (a) Diamond crystal structure, the black lines define the cubic unit cell and the red circles indicate the atomic
positions. (b) Schematic band diagram of silicon as a function of the inter-atomic distance
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For a more accurate representation of the electronic band structure, one needs to introduce the concept

of Brillouin zone. The Brillouin zone is a unique primitive cell represented in the reciprocal space, where

the energy or frequency of vibrations of the crystal structure are represented as a function of the wave vec-

tor q which characterize the propagation of a studied wave (vibrational or electronic). q = 0 at the origin

of the Brillouin zone, is a center of symmetry and several axes of symmetry can be defined (∆ = [110] and

Λ = [111]). For FCC or Diamond-structure crystals such as silicon, it is a truncated octaedron as repre-

sented in figure 1.2(a) [Setyawan and Curtarolo, 2010]. The electronic band structure of a crystal can be

represented in terms of energy level as a function of wave vectors (k) [Kittel, 2004], see figure 1.2(b). The

electronic band structure allows one to predict conductivity, light interaction and many more properties

of solid crystals. The band gap is defined as the difference in between the lowest point of the conduction

band and the highest point of a valence band. If the two extrema are obtained for the same value of k, the

band gap is said to be direct else it is called indirect. These properties have consequences on the optoelec-

tronic properties of the crystal. For direct absorption process a photon is absorbed by the crystal with the

creation of an electron/hole pair. For indirect absorption process, electrons and holes are separated by a

substantial wave vector kc . Photon wave vector amplitudes are negligible, which prevents a direct photon

transition at the energy of the minimum band gap. A phonon of wave vector kc is needed for the transition,

which will present an energy threshold larger than the true band gap. This type of transition is facilitated

at higher temperatures where phonons are thermally excited. For optoelectronic application such as laser

or photodiode, a direct band gap semiconductor is needed [Vogl et al., 1993]. Strain in the crystal structure

will change the interatomic distances, crystal symmetry and thus can be used to tailor the band structure.

(a) (b)
Figure 1.2: (a) Brillouin zone of silicon, a 2π/aSi is omitted in the different points label for clarity [Herman, 1955]. (b)
Schematic diagram the electronic band structure of silicon along axis of high symmetry

1.1.1.2 Strain in semi-conductors

Strain can sometimes be an unwanted byproduct of semi-conductors manufacturing processes. As devices

performances increased and transistor sizes decreased, it has become an important metric to monitor in

transistors. It can sometimes lead to performance loss and worse, material or device failures. Though it

appeared that by tuning the strain nature and level one could also improve transistor performances and

modify material properties, following the modification of the electronic band structure [Li et al., 2014]. The

strain can modify the electronic, magnetic, optical, plasmonic, ionic, photonic, thermoelectric or catalytic

properties, e.g., strain engineering is widely used to boost the performances of Si transistors[Ghani et al.,

2003]. Strain engineering became a topic of interest in the nineties as it requires relevant fabrication pro-

cesses for micro and nanostructures as well as methods to induces and probe elastic strain at microscopic

or nanoscopic scales[Bedell et al., 2014; Manasevit et al., 1982; Rim et al., 1995; Welser et al., 1994].
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Strain engineering is widely used in the semi conductor industry for silicon based devices. Strain is

a common way of tuning carrier’s mobility. Depending on the doping, different strain configuration are

targeted in devices. Silicon hole and electron mobilities are represented as a function of strain in figure

1.3. This calls for a good control of strain amplitude and direction to optimize mobility and thus device

performances.

Figure 1.3: Mobility enhancement vs. Strain and Ge % at in strained Si/relaxed SiGe MOSFETs at 1×1013 cm−1 carrier
concentration. Hole mobility enhancement requires large amount of strain [Rim et al., 2003]

In the case of metal–oxide–semiconductor field-effect transistor (MOSFETs) transistor on Silicon on In-

sulator (SOI), the channel can be strained. In the case of a channel oriented along <110> on a (100) sub-

strate, for a nMOS a uniaxial tensile stress along <110> or a biaxial tensile stress is beneficial to the carriers

mobility. Whereas in pMOS, a compressive uniaxial stress along <110> or biaxial stress is beneficial [Usuda

et al., 2005]. To obtain a strain transistor on SOI, either the active silicon layer can be strained or the chan-

nel can be locally strained by the growth or deposition of a stressor layer. Local strain induced during the

fabrication process is highly dependent on the transistor dimensions [Madan et al., 2008].

Moreover group IV semiconductor such as silicon and germanium display a strong piezoresistance ef-

fect, regardless on their type of doping, i.e. their resistivity changes under the application of strain [Smith,

1954; Richter et al., 2006]. Using this properties strain gauges [Yang and Lu, 2013] and flexible sensor can be

manufactured using silicon [Won et al., 2019]. This application does not require to achieve high strain but

a perfect knowledge of the material behavior under the application of strain is needed.

Another striking example of band gap strain engineering is the indirect to direct band gap transition at

high tensile strain that can be observed for some group IV semiconductors such as germanium. This opens

up the possibility to use CMOS compatible materials for monolithic optoelectronic applications. Alloying

germanium with tin is an alternative way to obtain a band-gap with no strain or lower strain values than

for pure Ge. To obtain a direct band gap, either 4.9% uniaxial strain along [100] [Guilloy et al., 2015], 1.9%

biaxial strain [Gassenq et al., 2015] or 8%at of tin are necessary. The general principle is detailed in figure

1.4. Other models have been proposed to study the indirect to direct transition band gap in germanium,

notably [Guilloy et al., 2016] made a prediction that the transition will occur at 5.6% uniaxial strain along

[100] direction by taking into account non-linear effects. Atomistic simulations were also performed for

biaxial tensile strain, showing a transition at 3% biaxial strain in a (001) plane at Room Temperature (RT)

[Sakata et al., 2016].
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Bulk Germanium Strained Ge

Indirect band gap Direct band gap

k k

E(eV) E(eV)

Γ L Γ L

Figure 1.4: Schematic diagram of the effect of tensile strain or tin alloying on the germanium electronic band structure
and band gap.

Numerous groups have been developing strained Ge microstructures as exposed in table 1.1 to obtain

experimentally a direct band-gap. Noticeably Sánchez-Pérez et al. and Geiger et al. have obtained a direct

band gap in germanium nanomembranes and microbridges respectively.
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Type of structure Stress ori-
entation

Strain (%) Observations Reference

Ge microbridge
from 0,16 %
strained GeOI
(2µm×2µm)

Biaxial 1,9 Thick layers for pho-
tonic applications

[Gassenq
et al., 2015]

GeOI mi-
crobridge
(250 nm/1µm)

Unaxial
< 100 >
biaxial

0.98

0.57

Photoluminescence
(PL) measurements
Si3N4 Si3N4 stressor
layer

[Hryciw et al.,
2012]

Ge microbridge,
circular mem-
brane

Biaxial 1.1 PL red shift [Sukhdeo
et al., 2015]

Ge wire Uniaxial
< 100 >

5.7 PL and direct band
gap at 3% strain, Ra-
man measurement

[Sukhdeo
et al., 2014]

Ge nanomem-
brane under
pressure(24 nm
to 84 nm)

biaxial 2 PL/direct band gap [Sánchez-
Pérez et al.,
2011]

Ge microbridge Unaxial <
100 >

3.3 band gap measure-
ment

[Guilloy et al.,
2016]

Ge thin film Uniaxial
< 100 >

4 Epitaxially grown
SiGe stressor

[Bollani et al.,
2015]

Ge grown via
molecular beam
epixtaxy on
InGaAs

Biaxial 2.33 Strong increase in
PL

[Huo et al.,
2011]

Ge microbridge Biaxial
Uniaxial

1.8
4.8 < 100 >
3.8 < 110

Characterization of
Raman strain/shift
coefficients

[Gassenq
et al., 2017]

Ge microbridge
(1µm)

Uniaxial
< 100 >

3.6 to 5.4 Direct band gap
above 4% Low tem-
perature (20 K

[Geiger et al.,
2015]

Ge microbridge Uniaxial
< 100
Biaxial

3.5
∼1.3

full strain tensor
mapping

[Tardif et al.,
2016]

Table 1.1: Experimentally strained germanium structures structure in the literature
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1.1.2 Producing strained semi-conductors

Two different kind of approaches have emerged to produce strained semiconductors (i.e., at different scales).

First, local approaches, where strain is only applied to a micro or nano structure. They can rely on process-

induced strain, usually obtained during the manufacturing of transistors. Other local approaches based on

the mechanical loading of nano and micro object will be presented, those approaches aim at studying strain

engineering and mechanical properties of micro and nano scale object without any device oriented appli-

cations. On the other hand, global approaches which aim at producing strained materials at the wafer scale

can also be considered. This enables the use of standard fabrication techniques with strained materials.

1.1.2.1 Local strain: Nano and micro object

Several teams have studied the mechanical properties of silicon at nano and micro-scale. The silicon ob-

ject can be static and subject to permanent strain. The sacrificial etching of an interfacial layer between

a stressed semiconductor film and a substrate can be used to concentrate the stress in a small area of the

semiconductor layer, thus applying a local permanent loading that depends on the process and on the ge-

ometry. Various geometries and materials have been studied with this approach.

Alternatively, Microelectromechanical Systems (MEMS) or other external loading can be produced to

strain locally a semi-conductor in a tunable way. Devices where a compressive force is applied for exam-

ple with an Atomic Force Microscopy (AFM) or nano-indenter tip are used to put silicon nano-wire under

tensile strain Zhang et al. [2016].

At Catholic University of Louvain (UCL), a group has proposed different lab-on-chip devices for in situ

mechanical characterization of semi-conductor thin films [Passi et al., 2012; Kumar Bhaskar et al., 2013].

The proposed structure can either be a static using residual stress concentration thanks to under etching of

a sacrificial oxide layer or a MEMS where the stress or strain is finely controlled. It allows local observation

of strained structure under the application of stress (e.g. with a SEM). An example is given in figure 1.5. A

nitride layer is used as a stressor layer and different strain level are obtained by varying the microstructure

dimensions. Recent development allowed one to observe crack propagation [Jaddi et al., 2019].

Figure 1.5: (a) SEM image of an elementary test structure for electro-mechanical characterisation of Si nano-beams. (b)
SEM image of an array of test structures with increasing tensile deformation [Kumar Bhaskar et al., 2013]

Values approaching to the theoretical maximum have been achieved in nano objects such as nanowires.
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The strain limits in silicon were evaluated to 23% (< 100> uniaxial tension) and 20% (<110> uniaxial ten-

sion) in an ab initio study [Dubois et al., 2006]. For example, Zhang et al. fabricated a push-to-pull device

achieving a fully elastic strain of 13% (loading-unloading tests) and up to 16% before sample fracture [Zhang

et al., 2016] (figure 1.6(a)).

Walavalkar et al. proposed a method to strain a nanopillar up to 24 % in flexion by reticulating a light

sensitive matrices around the pillar[Walavalkar et al., 2010]. Figure 1.6 (c) shows a Scanning Electron Micro-

scope (SEM) image of the structure. Strained silicon microbridge can also be fabricated by concentration

of residual tensile stress present in a thin film. The thin film is situated on top of an oxide layer. First a

lithography step is performed to obtain a thin strip of silicon. Then the oxide is etched under the silicon

structure to obtain a suspended strip or silicon microbridge. With this method, 4.5 % uniaxial tensile strain

was obtained a 30 nm silicon nanowire [Minamisawa et al., 2012]. The structure is illustrated in figure 1.6(b).

(b) (c)

(a)

Figure 1.6: SEM observation of different strained silicon nanowires structures present in the literature (a) Push-to-
pull structure for a nanowire with a diameter of100 nm [Zhang et al., 2016] (b) Strained silicon microbridge, scale bar
is 300 nm [Minamisawa et al., 2012] (c) Strained silicon nanopillar after contraction of an electron activated polymer
matrix, scale bar is 500 nm [Walavalkar et al., 2010]

As stated earlier, strained microstructure are also implemented in active devices. Strain induced mo-

bility enhancement has been introduced for MOSFETs at the 90 nm node [Thompson et al., 2004]. Hole

mobility increases under compression and even more under tensile strain whereas the mobility of con-

duction band electrons decreases under compression and increases with tensile strain. Proportionally, the

mobility increase for electrons is higher [Haugerud et al., 2003]. For performance enhancing in silicon, bi-

axial stress is not favored for complexity and cost reasons. Uniaxial stress can be applied in easier ways

by using extrinsinc stressor layer (e.g., silicon nitride in CMOS transistors produced by Intel [Ghani et al.,

2003]) or in packaging steps [Thompson et al., 2004]. For example, a reconfigurable field effect transistor
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based on a strained silicon nanowire can be obtained [Baldauf et al., 2016].

1.1.2.2 At the wafer scale

Different methods to obtain strain silicon micro or nanostrocture were presented in the previous section.

However, full size strained wafer can be desirable for the fabrication of devices with a strained layer without

using specific architecture or for further stress concentration. Several methods for achieving wafer scale

strained films will be presented, with various strain level and silicon crystal quality.

A simple way to induce uniaxial stress in a full size wafer proposed by Himcinschi et al. is the bonding

of two wafers while imposing a radius of curvature to the the bonded stack. It offers a good control over the

induced strain, however the maximum values achievable are low and the process is not compatible with

industrial bonding tools. An extremely low uniaxial strain of 0.077 % for 0.5 m radius of curvature was re-

ported [Himcinschi et al., 2007]. It is worth mentioning as it is the only method reported allowing one to

obtain a uniaxially strained layer on a full sheet wafer.

On the other hand numerous works have been published on the production of biaxially strained full

sheet wafer. A first example would be biaxial strain induced by bonding two wafers with a temperature gra-

dient. If the two wafers have a different Coefficient of Thermal Expansion (CTE) (i.e., for heterostructures)

or present a temperature difference before surface contact, a strain will be present once the assembly is

cooled down [Abadie et al., 2020].

Porous silicon layers were also employed as a mean to strain sc-Si layers. Under oxidation, the porous

layers expand and induce a significant biaxial strain. 1.2% biaxial strains were achieved in a 60 nm thick

pristine silicon layer, after crack apparition up to 2.2% strain were reported [Boucherif et al., 2010; Marty

et al., 2006].

Several teams have developed methods to produce strain silicon using epitaxial growth on virtual sub-

strate (i.e. SiGe buffer layer with a controlled lattice parameter). The biaxial strain in the silicon layer stems

from the lattice mismatch with the substrate. Usually silicon-germanium alloys are used [Drake et al., 2003;

Daval et al., 2011]. This method was even used for the industrial production of strained SOI. The maxi-

mum stress was reported by Hartmann et al.. Si grown on Si1−x Gex with x equal to 20, 30, 40 or 50% with

a maximum tensile stress reported of 3.15 GPa for x = 48 %. It corresponds to 1.75 % biaxial strain. Defect

densities from 10×105 cm−1 to 3 cm−1 ×10×105 cm−1 were reported as the layer thickness increases from

5 to 35 nm [Hartmann et al., 2008]. After epitaxial growth on virtual substrates, the strained silicon layer

can be transferred on a carrier silicon wafer using e.g. ion implantation, wafer bonding and fracture during

thermal annealing (i.e., based on the SmartCut ™process). This process is illustrated in figure 1.7.
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Figure 1.7: Fabrication of strained SOI by layer transfer and selective SiGe etch.[Rim et al., 2003]

1.2 Wafer bonding

As discussed in the previous section, wafer bonding is a valuable technique to prepare strained films at

the wafer scale. Wafer bonding consist in assembling two wafers with or without the use of an additional

adhesive layer. It is used in the microelectronic industry at various stages of the fabrication process of

transistors. Its use ranges from handling to making electrical contacts or transistor packaging. Depending

on the application, materials properties, CMOS compatibility and thermal budget, different techniques are

used to assemble wafers. They are presented in table 1.2 along with the typical bonding conditions and

applications.

Going in details over all these techniques is beyond the scope of this work. The objectives here are to

study and combine two types of wafer bonding (direct and adhesive bonding), in order to transfer and per-

manently strain a thin semi-conductor film on a rigid substrate. A detailed review of these two techniques

is given below.
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Wafer bonding tech-
nique

Typical bonding
condition

Advantages and disadvantages Applications
areas

Direct bonding 600-1200 °C
RT in some cases
Small or no bond
pressure

+ high bond strength
+ hermetic
+ resistant to high tempera-
tures
- high surface flatness required
- high bond temperature not
always compatible with elec-
tronic wafers

SOI wafer
fabrication

Anodic bonding 150 °C to 500 °C
200 V to 1500 V
no bond pressure

+ high bound strength
+ hermetic
+ resistant to high temperature
- bond temperature in combi-
nation with high voltage not
always compatible with elec-
tronic wafers

sensor pack-
aging

Solder bonding 150 °C to 450 °C
Low bond pressure

+ high bond strength
+ hermetic
+ compatible with electronic
- solder flux

Bump and
flip chip
bonding

Eutectic bonding 200 °C to 400 °C
Low to moderate
bond pressure

+ high bond strength
+ hermetic
+ compatible with electronic
wafers
- sensitive to native oxides at
surfaces

Hermetic
packaging
Bump and
flip-chip
bonding,
MEMS

Thermocompression
bonding and direct
metal-to-metal
bonding

350 °C to 600 °C
100 MPa to 800 MPa
(high bond pres-
sure)

+ high bond strength
+ compatible with electronic
wafers - very high net forces for
full wafer bonding required
- high surface flatness required

Wire bonding
Bump and
flip-chip
bonding e.g.,
3D ICs

Ultrasonic bonding RT up to 250 °C
High bond pressure

+ compatible with electronic
wafers
- only demonstrated for small
bond areas

Wire bonding

Low-temperature
melting glass bond-
ing

400 °C to 1100 °C
Low to moderate
bond pressure

+ high bond strength
+ hermetic
- bond temperatures not al-
ways compatible with elec-
tronic wafers

sensor pack-
aging

Adhesive bonding RT up to 400 °C
Low to moderate
bond pressure

+ high bond strength
+ low bond temperature
+ works practically with any
substrate material including
electronic wafers
- no hermetic bond
limited temperature stability

MEMS, Sen-
sor pack-
aging, 3D
Integrated
Circuits (ICs),
temporary
bonds

Table 1.2: Presentation of the different types of wafer bonding in microelectronic [Niklaus et al., 2006]
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1.2.0.1 Adhesion

The principle of wafer bonding and adhesion in general is that two materials will adhere to each other if they

are sufficiently close to each other. The bonding can be of different nature and energy. Table 1.3 presents

the order of magnitude of dissociation energy and interatomic distance for different types of bonds. For van

der Waals interactions to be significant, the inter-atomic distance needs to be in the 0.3 nm to 0.5 nm range.

For direct wafer bonding, as van der Waals forces are always present even at room temperature, it implies

that the surface nano-roughness, macro-roughness and curvature must be extremely low for bonding at RT

without any external force. The use of an adhesive layer such as a liquid or a low viscosity polymer and

thermo compression widely facilitates the creation of a bonding interface between two solid state wafers.

Type of bonds Dissociation energy (kJ/mol) Interatomic distance (nm)

Van der Waals 2 to 8 0.3 to 0.5

Hydrogen bond 10 to 30 0.2 to 0.3

Dipolar interaction 5 to 12 0.2 to 0.3

Ionic bond 40 to 80 0.2 to 0.3

Covalent bond 200 to 800 0.1 to 0.2

Table 1.3: Order of magnitude of bond dissociation energy and interatomic distance for different types of interatomic
bonds [Étienne and David, 2012; Platzer, 1969; Miller, 1966].

The bonding interface can then be characterized by its adhesion and adherence. Adhesion is the energy

needed to create a bonding interface between two substrates and adherence is the energy needed to sep-

arate them. The value of these energies depends on the nature of the bonds at the interface between the

different surfaces.

Adhesion would be typically measured by inserting a force sensor between two wafers during bonding.

Adherence is more widely used as a metric to evaluate the nature and quality of a bonding interface. Differ-

ent destructive control techniques have been proposed to evaluated adherence or bonding energy [Vallin

et al., 2005] such as blister tests [Forsberg et al., 2013], tensile test [Muller and Stoffel, 1991], or four points

bending [Dauskardt et al., 1998; Argoud, 2012].

For two surfaces, the Dupré work of adhesion is defined by:

Wadhesi on = γ1 +γ2 −γ12 (1.1)

where γ1, γ2 are surface energies and γ12 is the interface energy.

In the case of wafer bonding, the adherence can be measured by a blade or wedge insertion between two

bonded beams. The measurement relies on the balance between elastic energy and surface energy at equi-

librium. The work of adhesion is the work required to form two new surfaces with a crack formation from

the bonded assembly [Lawn, 1993]. Here the method used is a blade insertion using the Double Cantilever

Beam (DCB) model [Maszara et al., 1988].

This method allows for simple, reproducible measurements without any specific sample preparations

steps. In the case of Double Cantilever Beam model and wedge insertion, the critical energy release rate GIC

(i.e. the elastic energy change upon a variation of bonded area) is equal to the work of adhesion.

WAB = GIC = 3Eh2d 3

4c4 (1.2)

With d the thickness of the beam, h half the blade thickness, c the crack length and E the Young’s modulus

in the direction of the crack propagation. The measurement of the crack length allows the determination of

WAB. A more detailed review of the experimental setup used in this study is presented in subsection 2.1.7.2.
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1.2.1 Polymer or adhesive bonding

1.2.1.1 Polymers

Alternatively to direct bonding, adhesive bonding can be performed using polymers layers. It alleviates

the strict requirements of direct bonding, but comes with its own limitations, as described hereafter. To

better appreciate these differences, some elements of the physics and chemistry of polymers are recalled.

Polymers are materials formed by macro-molecules, themselves composed by repeating small chemical

moieties. These repeating elements are called monomers as illustrated in figure 1.8. Polymer chains can

also be organized at a supramolecular level (e.g. aligned ) depending on fabrication process parameters. A

polymer is defined by the nature of the monomers, the length (or molecular weight) of the chains and the

interaction between those chains. The interactions can either be chemical (reticulation) or physical. They

are illustrated in figure 1.9

M M M M

M

M

M

M = Monomer

Molecular scaleMacro molecular 
scale

Supra molecular
scale

Figure 1.8: Schematic of polymer structure at different scales.

(a) (b)

Figure 1.9: Different polymer organic chains organizations: (a) reticulated chains, (b) entangled chains

Depending of the nature of the polymer, they can be initially present in the form of monomers in a

solvent, solid to be melted or preformed sheets. Historically, the first polymers used for wafer bonding were

photoresist used in photolithography. They are spin coated on the wafer surface and it is still the case for

many polymer adhesive. This method yields smooth and homogeneous surface with a microscopic control

of the film thickness.

Glass transition temperature is an important metric as it has a strong influence on polymers proper-

ties. It characterizes the range of temperature at which an amorphous or semi-crystalline polymer changes

from a vitreous to a rubbery material displaying a visco-elastic mechanical behavior. This transition can

be reversible for some polymers. The glass transition has a strong influence on certain material properties,

such as the Young modulus. A significant drop is observed at Tg as seen in figure 1.10, after the transition a

so-called rubber plateau is observed.
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Figure 1.10: Young modulus as a function of temperature for a polymer. Tg can vary from −150 to 150 °C depending on
the polymer and heating rate.

1.2.1.2 Polymer bonding in microelectronics

As stated above, bonding requires bringing two surfaces into sufficiently close contact. A polymer layer can

be used as an adhesive to bond two wafers as illustrated in figure 1.11 Polymers offer a way to create an

adequate surface for bonding various material with relatively low roughness requirement and contained

cost. Surface preparation and roughness acceptance are less challenging compared to other techniques

such as direct bonding. The compliant nature of polymer adhesive diminishes the effects of wafer surface

defects or inhomogeneities. Either thermoplastic or thermosettings polymers are used in microelectronic

devices fabrications. A polymer layer is first formed on a wafer surface by drying, solidification of a melted

polymer or curing of a precursor (e.g., via mixing, heating, light exposition). The two wafers are then put in

contact in a vacuum chamber. In order to properly seal the bonding interface, different parameters are used:

temperature, force applied on the bonding stack and bonding chuck nature (e.g., hardness). Alignment

procedure can be necessary in some applications [Lee et al., 2011]. This parameters, combined to the nature

of the adhesive layer allows for a high tolerance to surface roughness variations compared to other wafer

bonding techniques. Thermal budget is an obvious limitation of adhesive wafer bonding, though some

glues can sustain up to 400 °C. The adherence energy can be tailored by changing the nature of the polymer

and bonding parameter (i.e., temperature, force and gas pressure). Some applications requires temporary

wafer bonding such as thinning down using mechanical grinding [Abadie et al., 2019]. Adherence can be

increased by using surface preparation on the polymer (e.g., plasma).

Substrate
B

Wafers 
preparation

Substrate
A

Adhesive layer 
formation

Substrate
A

Polymer 

Substrate
B

Bonding

Poylmer 

Substrate
A

Substrate
B

Bonding chamber 
Force

Figure 1.11: Schematic of adhesive wafer bonding. The pressure and temperature of the bonding chamber are con-
trolled.

Polymer or adhesive wafer bonding can be used for various application such as fabrication of 3D ICs[Lee

et al., 2011],film and devices transfer for MEMS fabrication [Dragoi et al., 2003], transfer of thin films and

thin devices using wafer handling [Montméat et al., 2018; Abadie et al., 2019], wafer level packaging [Linz

et al., 2010; Jin et al., 2003].

Here is an example of polymer wafer bonding application for MEMS fabrication proposed by Li et al..
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Figure 1.12 presents an example of a fabrication process based on adhesive wafer bonding to obtain a

MEMS. Here two wafers are bonded with BCB layers, one of which is patterned. This allows the fabrication

of silicon membranes on cavities. The thermal budget of the process (250 °C) is compatible with standard

CMOS technology, the fabrication of metallic contacts is possible after the bonding step.

Figure 1.12: Fabrication process of a capacitive micromachined ultrasonic transducers using adhesive wafer with BCB,
from [Li et al., 2016].

A SEM images of a transverse cut of the resulting structure can be observed in figure 1.13. The use of

adhesive wafer bonding allowed for the fabrication of a MEMS without strict surface finish requirements.

Figure 1.13: SEM image of a capacitive micromachined ultrasonic transducer using adhesive wafer with BCB, from [Li
et al., 2016].

1.2.2 Direct bonding

1.2.2.1 General principle

Direct bonding can be described as the bonding of two materials simply by joining their surfaces without

the use of any adhesive layer. This phenomenon has been observed and studied well before its application

to semiconductors wafers. Namely as early as 1230-1240, when a Franciscan friar described the importance

of cleanliness when joining gold and silver [Anglicus, 1609]. The first industrial application of direct bond-

ing was developed and patented at Philips Research Laboratories for the fabrication of He-Ne laser cavities

with a limited thermal budget [Haisma, 1995]. The optical flats bearing and the highly reflective mirrors

were direct-bonded to the fused-silica body of the laser. Nowadays, direct bonding is a widespread method

in the microelectronic industry, it is used for the fabrication of SOI substrate with the SmartCut™ tech-

nology [Bruel, 1995] as well as in the fabrication of MEMS and three dimensional Integrated Circuits (ICs)
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[Moriceau et al., 2011]. Among the advantages of direct bonding we can cite the fact that no additional layer

is needed on the wafer surfaces, the capability of withstanding high thermal budgets for the the bonding

interface and the compatibility of the bonded stack with front-end CMOS technologies [Moriceau et al.,

2011]. Front-end is a term referring to the first steps of transistor fabrication in industrial clean room, as

opposed to the back-end operations which mostly include the fabrication of metallic contacts. Direct bond-

ing can be performed at RT simply by the contact of two sufficiently clean, smooth and flat wafers. Initially,

Van der Waals forces are sufficient to create a bonding interface but yield low bonding energies of about

20 mJ/m2. Further thermal annealing allows the formation of covalent bonds and increase the bonding en-

ergy up to 6 J/m2 in the case of silicon. As detailed below, the bonding energy depends mainly on surface

state and annealing temperature. Silicon and silicon oxide bonding will be mainly discussed after, although

direct bonding can be performed with other materials such as germanium [Akatsu et al., 2006], III-V semi-

conductors [Sanchez et al., 2018], glass [Bedjaoui and Poulet, 2017] or piezoelectric materials [Ballandras

et al., 2019].

1.2.2.2 Surface requirement in microelectronic

The criteria for successful bonding can be understood considering that bonding results from a balance

between attractive forces (van der Waals, capillary, etc..) and repulsive forces due to solid-solid contact.

The bonding energy results from the difference between the work of adhesive and repulsive forces when

the surfaces are brought in contact.

At equilibrium, the two forces balance each other. The equilibrium distance depends on how both forces

depend on distance. For contact forces, that can be either attractive (e.g. formation of covalent bonds) or

repulsive (compression of asperities), this balance strongly depend on the topography of surfaces.

Thus, although direct bonding presents many advantages, it comes at the cost of strict requirements for

the processed wafers.

The first one is of topological order. The curvature of two wafers needs to be low enough and/or similar,

because of the elastic energy cost necessary to have the two surface curvatures matching each other. This

parameter is usually quantified with a metric called the bow, obtained using an optical profilometer as

described in chapter 2. For standard substrate in larger diameter (i.e., 200 or 300 mm) this is not an issue

as long as they don’t undergo deposition or extensive mechanical grinding steps. At lower scale, the surface

nano-roughness needs to be minimized in order to increase the initial contact surface area between the two

wafers and allow an approach of the two solids at low distances where attractive forces are large enough.

It is typically smaller than 0.6 nm Root mean square (RMS) in a 1µm×1µm area probed with an Atomic

Force Microscopy (AFM) [Moriceau et al., 2003]. Again using commercial silicon wafers, this is usually not

a concern. In the case of an increase of surface roughness due to process steps, Chemical-mechanical

Polishing (CMP) allows achieving a suitable surface state.

Then, particle contamination has to be strongly monitored. Indeed, given the rigidity of a silicon wafer

and the lower surface roughness, if a particle of 1µm is present at the interface during bonding, it will result

in a 5 mm diameter defect [Tong and Goesele, 1999]. Below a certain particle size, as detailed in figure 1.14,

the ratio between the bonding defect and particle size becomes much lower due to a shift from a global

bending of the wafers to a local compression [Tong and Goesele, 1999; Maszara et al., 1988; Wan et al.,

1993; Stengl et al., 1989]. Bonding processes are carried out in clean rooms where the tolerance for particle

contamination is the lowest possible. Prior to bonding, the wafers undergo a particle removal step with wet

cleaning using ammonia based solutions.
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Figure 1.14: Influence of the presence of a particle on the bonding interface. [Wan et al., 1993; Maszara et al., 1988;
Qin-Yi Tong et al., 1994]

Organic contaminants are also removed from the surface prior to bonding as even in a clean room en-

vironment some organic compounds are present in the atmosphere. Wet techniques based on acidic solu-

tions are typically used or Ultra-Violet (UV) ozone treatment, with the aim of oxidizing these compounds.

The final preparation step for direct bonding consist in tuning the surface chemistry. The silicon surface

can either be hydrophobic or hydrophilic. The first case is achieved with a short HF etching step which

leaves the surface terminated by hydrogen atoms (Si-H bonds ). In the second case, oxidizing chemistries

are used in order to have silanol groups (Si-OH) at the surface. For the bonding of two hydrophilic silicon

wafers, the number of silanol groups on the surfaces has a strong influence on the bonding mechanism.

This implies that interfacial water be present at the wafer surface during bonding. Only this type of direct

bonding will be discussed in this work. The mechanism remains the same for a Si/Si hydrophilic bonding

or a SiO2/Si bonding when the silicon dioxide layer is thermally grown and has a thickness smaller than

20 nm. In both cases, a hydrolized thin oxide is present on surfaces. Above this thickness some differences

can be observed for higher post-bonding temperature [Ventosa et al., 2008] due the different capability of

these oxides to absorb hydrogen produced at higher temperatures.

(a) (b)

Figure 1.15: Schematic of the surface chemistry of silicon wafer prior to direct bonding (a)Hydrophilic surface (b) Hy-
drophobic surface [Plößl and Kräuter, 1999]

1.2.2.3 Mechanisms

Direct wafer bonding is usually performed at RT and the resulting stack is then annealed to strengthen the

bonding interface. For an hydrophilic wafer bonding, the evolution of bonding energy as a function of

annealing temperature is presented in figure 1.16. The different steps in the increase of adhesion energy

correspond to several mechanisms taking place.
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Figure 1.16: Bonding energy as a function of annealing temperature in an hydrophilic and hydrophobic silicon silicon
wafer bonding [Qin-Yi Tong et al., 1994]

The first driving force of direct bonding are Van Der Waals interactions that have to overcome the con-

tact forces between the two wafers associated with curvature and surface roughness of the bonded pair, in

order to create a sufficient contact area. This way a bonding can be performed at RT. The bonding is either

manually initiated by applying a slight pressure at a wafer edges or using a "bond pin" in automatic bon-

ders. From there, a propagating bonding front can be observed using Infrared (IR) imaging. The order of

magnitude for the velocity of this bonding front is 2 cm/s. The bonding front dynamics has been explained

by Rieutord et al. who linked the bonding front velocity (U) to the adhesion energy 2γ and other parameters

such as the atmosphere gas viscosity η or the rigidity of the bonded wafers Et 3

1−ν2 [Rieutord et al., 2005]:

U = (2γ)5/4

ηt 3/4

Λ1/2(
E

1−ν2

)1/4

(
1/9A3/4) (1.3)

With A ≈ 0.95, Λ is the mean free path, t the wafer thickness, E the wafer Young modulus, ν the Poisson

ratio. It shows that the wafers thickness and rigidity have a strong importance on the kinetic of the bonding

interface formation.

Initially, direct wafer bonding has been described mainly from a purely chemical point of view by the

evolution of the interfacial bonds. Stengl et al. proposed a reaction to explain the transformation of silanol

ending to covalent bonds between the wafers : Si OH + Si OH Si O Si + H2O

Rieutord et al. pointed out the importance of considering properly the repulsive contact part in the in-

teraction and proposed a model based on rough surface contact to describe adhesion mechanism [Rieutord

et al., 2006]. This model, which predicts for example the existence of a small gap at the interface, fits exper-

imental observations of the bonding interface during thermal annealing. Figure 1.17 present a schematic

of this model. As temperature increases, new interfacial bonds are created and adhesive energy increases

resulting in a contact area increase due to local elasticity or plasticity (asperity compression). The forma-

tion of the covalent bonds between the two wafers increases the local adhesion energy, and contact points

tend to spread, closing the interface in analogy to a ziplock mechanism. [Ventosa et al., 2009]. Ventosa

et al. studied this mechanism using high energy X-Ray Reflectivity (XRR) to measure the electron density at

the bonding interface as seen in figure 1.17. Extensive use of this technique, complemented by other tech-

niques like FTIR-MIR spectroscopy, TEM, acoustic wave reflection, allowed a full description of the bonding

interface and the sealing mechanisms, from RT to 1200°C annealing temperatures.
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Figure 1.17: Sealing mechanism of the oxide–oxide bonding (top). The electron density profiles are shown on the bot-
tom curve, at room temperature (solid line) and after annealing at 400 °C for 2 h (dashed line). [Ventosa et al., 2009]

1.3 Transfer techniques for semi-conductor thin film

Having discussed in the previous sections the interest of applying strain to single crystal material and how

to bond such a material to another one, we now turn to the transfer a semi-conductor thin film. In this work,

we use a route where we apply strain with an external load on a thin film, thus there is a need to obtain and

transfer a crystalline semi-conductor thin film, such as silicon, on a flexible polymer substrate than can be

more conveniently handled. The use of an external force offers more flexibility and range in the study of

strain engineering and has been an historically relevant choice [Jayaraman, 1983]. This approach is also

widely used for the study of mechanical properties of metallic films. These films can be directly formed on

organic materials and present a poly-crystalline structure [Djaziri et al., 2011; He et al., 2016; Renault et al.,

2003]. A similar procedure could be considered for silicon using low temperature deposition on polymer

substrates but it would be limited to poly-crystalline silicon [Fortunato et al., 2012]. Here the goal is to

separate the fabrication of a single crystal semi-conductor material and the application of strain. This way

the quality and dimension of the materials are finely controlled (i.e., a sc-Si film with a diameter of 200 mm).

Then the use of external stress allows tuning the strain applied on the thin film in orientation and absolute

value. To achieve these, the fabrication and transfer of sc-Si must be studied.

1.3.1 Silicon on Insulator fabrication using SmartCut™technology

A widespread technique used for the transfer of single-crystal Silicon (sc-Si) thin film is based on wafer di-

rect bonding and splitting by annealing after ion implantation. This is the basis of the SmartCut™technology.

In this study, in order not to also cope with the implantation and fracture problems, the implantation and

fracture steps can be avoided starting from a Silicon on Insulator (SOI)-substrate already manufactured.

This type of substrate is composed of three layers :
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• A thin top sc-Si layer. The SOI used in this study are oriented such that the (001) planes are parallel

to the surface, within a miscut tolerance of 1°, and the (110) planes are parallel to a line joining the

wafer center and the notch. Its thickness ranges from tens of nanometers to several micrometers.

• A Buried Oxide (BOX) layer composed of thermal silicon oxide. Its thickness ranges from tens of

nanometers to several micrometers.

• A thick bulk (100) silicon substrate.

The motivation for SOI use in microelectronic applications is the vertical separation of the active silicon

layer from the bulk silicon by an insulating oxide layer. It greatly limits parasitic effects, such as leakage

currents or radiation-induced photocurrents. Moreover, it enables the elaboration of more power effective

CMOS transistors [Celler and Cristoloveanu, 2003]. Here the SOI are produced by Soitec using the Smart-

Cut ™ process [Bruel, 1993, 1995]. It relies on direct wafer bonding and ion implantation in order to fracture

a donor wafer as presented in figure 1.18. Smart Cut™ is now the most common method to manufacture

SOI substrate as it can be used to produce a wide range of thicknesses for the BOX and top silicon layer while

maintaining a low defect density and excellent crystalline quality. The thickness of the top Si layer and of

the BOX can be tailored to the desired application (e.g., RF, power or photonic applications). Using wafers

produced this way ensures to obtain a perfect single crystal layers with low defect density, homogeneous

thickness and well defined orientation.

Figure 1.18: Schematic of the SmartCut™ process [Soitec, 2020]

1.3.2 Rigid Silicon On Polymer structures

As showed earlier, polymers are commonly used in semiconductor processing. And many of them have

already been used to elaborate heterostructures with semi-conductors : polyethylene naphtalate [Guan

et al., 2016], polyepoxy [Liu et al., 1998], polypyrrole [Chida et al., 2011], or polyimide [Sánchez-Pérez et al.,

2011]. Argoud et al. also developed a process to transfer an sc-Si films on a Benzocyclobutene (BCB) layer

using an approach derived from SmartCut™. A donor wafer is bonded with a BCB layer to a carrier wafer

after ion implantation. Given the compliant nature of the adhesive layer, a minimal thickness was found in

order to obtain a suitable quality transfer after fracture of the implanted silicon layer. Figure 1.19 presents

the different options, in order to have a total transfer, the presence of a stiffener or polymer thickness lower

than 200 nm are required.
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Figure 1.19: Experimental configuration for the transfer of a sc-Si thin film on a BCB layer using ionic implantation and
fracture.[Argoud et al., 2010]

A Taiko process developed by Disco was also used to obtained SOP structure. Two wafers are temporary

bonded. The backside of the donor wafer is first mechanically ground down to 40µm only in a central disk.

A chemical etching decreases the thickness of the central film down to 5µm. The imprint left by the grinding

is filled with PDMS and the carrier is dismounted, leaving a structure as the one visible in figure 1.20. The

frontside can undergo further chemical etching to achieve a 5µm silicon thickness layer. This process allows

for a simple handling of the transferred film.

Figure 1.20: Snapshot of a 5µm silicon thin on PDMS transferred using a Taiko process developed by Disco company
[Argoud, 2012].

A common idea found in the literature is to transfer the top silicon layer of a SOI onto a polymer layer.

They presence of a BOX maintains the good quality of the silicon thin film during the transfer. The general

idea is illustrated in figure 1.21. Mechanical grinding is commonly used to remove thick layers of silicon

(e.g.., from one to several hundred µm). However it is not suitable for ultra-thin film as the silicon layer

presents some defects as deep as 1µm even with a fine grinding [Haapalinna et al., 2004]. Chemical me-

chanical polishing (CMP) methods can achieve a defect free surface with a low surface roughness but can

only be applied to remove thin silicon layers. Chemical etching (e.g with TMAH or KOH) is suitable to re-

duce thick layers, though the resulting layers thickness can display some inhomogeneity [Biswas and Kal,

2006]. Several of these methods are often combined to obtain the desired thickness with a suitable quality

on the right substrate.
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Argoud studied the transfer of silicon thin films (14 nm and 100 nm thick) on polymer substrates: BCB

and Polydimethylsiloxane (PDMS). A SOI is bonded to a rigid carrier using an adhesive polymer layer and

the backside of the SOI is removed successively by mechanical grinding and chemical etching. In the case of

PDMS layers, undulation and fractures were present in the silicon layer [Argoud, 2012]. Similarly a transfer

of a SOI top silicon layer(70-220 nm thick) was performed on a 200 nm thick thermosetting nano-imprint

resist [Bleiker et al., 2017]. A rigid carrier wafer is often needed for handling the silicon thin film. Interface

engineering to further separate the carrier can be difficult, however it is required for the fabrication of a

flexible structure.
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SOI

Polymer 
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removal

Polymer 
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Carrier removal
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Figure 1.21: General schematic of SOI dismounting on a polymer layer to produce rigid or flexible SOP structures.

Other groups have proposed transfer process based on polymer bonding and mechanical grinding [Byun

et al., 2010]. At low thicknesses (i.e., under 100µm), a significant portion of the silicon becomes defective

and a high bow is observed due to the mechanical stress induced by the mechanical grinding [Haapalinna

et al., 2004].

1.3.3 Flexible and stretchable SOP

As shown earlier, the transfer of silicon layers on polymer layers is well studied. However, obtaining a

stand-alone polymer substrate for a transferred silicon layer requires more development to control the dif-

ferent interfaces. More complex flows based on ion implantation are possible with a double transfer, first

one on a glass substrate via hydrogen implantation and fracture then a second onto a polymer substrate

[Senawiratne and Usenko, 2011].

Using the SOI dismounting approach (figure 1.21), previous development in our group allowed the

transfer of a 200 nm sc-Si on flexible polymer substrate [Montméat et al., 2016]. Byun et al. also obtained

an oxide/silicon on BCB/PEN with a 1.5µm thick silicon layer, though the presence of an oxide layer on top

of the structure limits the possible applications. More recently, the transfer of a sc-Si layer from an SOI to a

PDMS substrate was demonstrated simply by etching the BOX with HF and stamping the weakly attached

silicon layer [Ochoa and Li, 2021]. However, the crack-free areas reported are an order of magnitude smaller

than other works presented here (i.e., 100µm×100µm).

The previous works presented were based on the transfer of full-sheet wafers (i.e., without any pattern).

The J.A. Roger’s group also took a similar approach but with patterned SOI. Ribbons are manufactured from

the top silicon layer. After a polymer bonding step, a selective chemical etching step is performed to par-

tially etched the BOX. The silicon ribbons can then be transferred on the polymer substrate thanks to the

mechanical rupture of the remaining oxide pad . Some examples of the resulting structure and devices are

displayed in figure 1.22.

24



CHAPTER 1. State of the art

(a)

(b) (c)

Figure 1.22: Illustration of a flexible silicon on polymer produced in J.A. Rogers’ group (a) SEM images of underetched
silicon ribbons prior to their transfer on PDMS substrate. (b) Snapshot of a resulting flexible solar microcells and (c)
corresponding schematic.

Conclusion

This chapter exposed the importance and effects of strain in semi-conductors. Controlling strain can in-

crease performances of existing devices and also open new applications for existing materials and struc-

ture. For more than two decades, strain engineering has been at the heart of transistor fabrication. Several

methods to induce strain in micro-structures have been presented. They can either be performed during

transistor fabrication or on stand-alone structures for more fundamentals studies. Other approaches aims

at producing strained layers at the wafer scale, they are mainly based on epitaxial growth and thus limited in

crystal quality, strain level and strain nature (i.e., biaxial). In the next chapter, we propose an approach for

large scale production of strained semi-conductor thin films. This method is based on layer transfer using

wafer bonding and external mechanical loading. To introduce the problematic of the thesis, an overview

of wafer bonding techniques and mechanism has been given. Polymer wafer bonding offers a versatile

method for layer transfer and can be applied to different materials and configuration. Direct wafer bonding

allows the creation of covalent bonds in between two surface at the price of strict surface roughness and

contamination requirements. A literature review of different silicon layer transfer methods is given in order

to position the work presented here.
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CHAPTER 2. Transfer of a single crystal silicon thin film onto a flexible polymer substrate

Introduction

This chapter will detail the development of a process aiming at transferring a single-crystal Silicon (sc-Si)

film from a Silicon on Insulator (SOI) onto a flexible polymer substrate. This process must be fully com-

patible with 200 mm diameter wafers, industrial tools and a clean room environment. It relies mostly on

polymer wafer bonding, mechanical grinding and selective chemical etching. This enables the use of this

process for different materials even if this chapter is dedicated to the transfer of sc-Si thin films. In a first

part, the specific materials and methods used for this process will be presented. The transfer process will

be detailed as well as the different characterization techniques used to monitor the quality of samples dur-

ing fabrication. Then a precise study of the influence of fabrication parameters on the final product will be

presented. Precise characterization of the thin film during the transfer process will be provided to evaluate

different parameters influence such as the position of the bonding interface during transfer, nature of the

adhesive layer, silicon thickness and pattern morphology. The transfer of macroscopic silicon pattern with

thickness ranging from 20 to 205 nm will be presented.

2.1 Material and methods

2.1.1 Description of materials

For sc-Si films transfer , the process starting point is a Silicon on Insulator (SOI) substrate. A description of

this type of wafer and their fabrication process is given in section 1.3.1.

Here, two types of 200 mm SOI are used, as detailed in table 2.1. Other substrates needed in the study

are also presented in this table.

Name Supplier Thickness

SOI Soitec™ 725µm (400 nm BOX and 205 nm top Si layer)

SOI Soitec™ 725µm (1000 nm BOX and 400 nm top Si layer)

Bulk Si Carrier Taisi Electronic Materials Corp. 725µm

Borosilicate glass Plan Optik AG 700µm

Table 2.1: Reference and properties of commercial wafers used in this work. Only wafers with a diameter of 200 mm
were used. Silicon substrates present a (001) orientation

The table 2.2 gives a description of the different polymer based materials used in this work. Most of them

are commercial materials as they are required to be fully compatible with a clean room environment as well

as with industrial tools and fabrication processes. For example Polydimethylsiloxane (PDMS) could not be

used and especially cured inside the CEA-Leti clean room as it is associated with highly volatile monomers.
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Name Supplier Type Composition Tg (°C)

BrewerBOND®305-
30 (BSI)

Brewer Sci-
ence, Inc.

commercial spin-on
glue

polyolefin 70

SPIS 21 Shin-Etsu commercial dry film
glue

silicon based poly-
mer

90

SP-537T-230 Furukawa™ 300 mm dicing tape Acrylic adhesive and
polyolefin backing
film

-

Revalpha Nitto
Denko™

Double sided ther-
mal release dicing
tape

-

SYLGARD®184 Dow corn-
ing™

Silicone Elastomer PDMS -120

Novec™2702 3M™ anti-stiction coating Fluoropolymer -63

Novec™7200 3M™ Sovlent Ethoxy-
nanofluorobutane

-

Table 2.2: Polymers used in this work and their properties

As detailed in the previous table, two different models of commercial dicing tapes are present in this

study. Dicing tapes are used for handling of thin wafers, holding dice on a cutting tool or surface encap-

sulation during a grinding step. Both tape structures are represented in figure 2.1. The SP-537T-230 from

Furukawa (simply denoted Furukawa tape hereafter) presents a single adhesive layer. This layer is sensitive

to Ultra-Violet (UV) light and its adhesion will decrease under exposure, due to reticulation of the polymers

chains composing the acrylic adhesive. It will also cause an increase in the tape rigidity. Alternatively, a

Revalpha tape from Nitto Denko could be used. This tape is double sided with a pressure sensitive layer on

one side and a thermal release layer on the other. The thermal release layer adherence will drop down dras-

tically above a given temperature (120 °C to 170 °C depending on the reference used here)[Soejima et al.,

2013].

Liner

Adhesive

Backing film

Thermal release adhesive

Liner

10 µm

188 µm

48 µm

100 µm

130 µm

Figure 2.1: Structure of dicing tape (left) Single sided pressure sensitive (right) Double sided tape with a thermal release
layer

2.1.2 Process overview

To obtain the desired material with adequate dimensions and properties, several process flows were stud-

ied. The complete process is presented in figure 2.2, including its variants. It is mainly based on a temporary

bonding process using a rigid carrier for handling purposes. It allows a complete removal of the SOI back-

side and to transfer the top silicon layer onto a flexible polymer substrate. The materials and methods used

to perform the process steps will be described in this section. Process variations and their consequences on

final material properties will be discussed later in this chapter.

38



CHAPTER 2. Transfer of a single crystal silicon thin film onto a flexible polymer substrate

SiO2 (400nm)
sc-Si (205nm) 

Si (725µm)

 
A0 Silicon On 

Insulator (SOI)

Glue 

Carrier

SiO2 

Glue 

Carrier

Glue 

Carrier

SiO2 

Si (725µm)

Glue 

Carrier

SiO2 

Si (725µm)

 
B1 Glue on SOI
AS on carrier

Glue 

Carrier

SiO2 

Si (725µm)
 

B2 Glue on Carrier
AS on SOI

Glue 

Carrier

SiO2 

Si (725µm)

Glue 

Carrier

SiO2 

Si (725µm)
 

B3 AS on SOI
Glue on AS

 
B5 Glue on 

carrier, no AS

Si (725µm)

C Bonded 
stack

 
H Silicon On 
Glue (rigid)

Bonding and interface engineering 

SOI backside removal

Flexible tape 

FrameFrame Glue 

CarrierFlexible tape 

FrameFrame Glue 

Carrier

Solvent

Flexible tape 

FrameFrame

or

J1 Tape lamination on
metallic frame

or

Transfer on flexible substrate

Carrier

Glue 

Glue 

sc-Si (20-205nm)

Glue 

Carrier

SiO2 
Si (200µm)

Glue 

Carrier

SiO2 
Si (50µm)

Glue 

Carrier

SiO2 

 
D Coarse 
grinding

 
E Fine 

grinding

 
F Silicon
chemical 
etching

 
G Silicon 
dioxide 

chemical 
etching

Glue 

Carrier

 
J2 Glue peeling

Glue 

Carrier

C2F4  

Glue 

Carrier

sc-Si (20-150 nm)sc-Si (205nm)

Flexible tape 

FrameGlue 

Carrier

Frame

 
K2 Dismounting

 
K1 Chemical removal of 

glue

sc-Si 

sc-Si (20-205nm)

Flexible tape 

FrameFrame

Flexible tape 

FrameFrameor
sc-Si (20-205nm)

or Glue 

sc-Si (20-205nm)

ororor

 
Anti-

stiction
coating
(AS)

 

 
B4 Glue on SOI

No AS

sc-Si(205nm)

Si (725µm)

SiO2 

 
A3 Edge trimming

 
A4 Chemical pattern

smoothing

SiO2 

Si (725µm)

sc-Si (20-150 nm)

 
A1 Oxidation

etching

SiO2 

sc-Si(205nm)

Si (725µm)
 

A2 Patterning

Optional pre-processing steps on SOI

And
or

And
or

Si (725µm)

SiO2 (1µm)

or

sc-Si (200nm) 

 
L2 Silicon On Glue

 
L1 Silicon On Tape

 
I Dry etching

Glue 

Carrier

 
J3 PDMS coating

Glue 

Carrier

PDMS

PDMS

sc-Si(205nm)

 
K3 Dismounting

 
L3 Silicon On PDMS

Exiting clean room environnement

PDMS

Optional plasma etching

Figure 2.2: Detailed schematic of transfer processes of a sc-Si thin film from a SOI to a flexible polymer substrate.
Each bold letter corresponds to a process step or a specific stack. Process splits are associated with a number. The
processes are fully compatible with 200 mm wafers, clean room environment and industrial tools. The final result of
these processes are a flexible and stretchable SOP with a silicon thickness ranging from 20 nm to 205 nm and with
different polymers substrates. Full 200 mm films can be transferred as well as patterned ones.
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2.1.3 Optional pre-processing steps on SOI

sc-Si(205nm)
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smoothing

SiO2 
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And
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And
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Si (725µm)

SiO2 (1µm)

or

sc-Si (200nm) 

Figure 2.3: Different processing options for SOI substrates used in the transfer process. Any combination of the first
three options is possible while the last one ask for a different substrate.

For the transfer of a sc-Si thin film, a SOI is the starting point of the process detailed in figure 2.2. Differ-

ent treatments can be applied to the SOI before going throughout the transfer process as presented in figure

2.3. All the combination between A1 (oxidation/etching), A2 (patterning) and A3 (edge trimming) steps are

possible. Only the chemical pattern smoothing presented in step A4 asks for a different SOI, as thicker BOX

and silicon top layer are needed for the additional oxidation and etching steps. The different pre-processing

steps are detailed below.

2.1.3.1 A1: sc-Si sacrificial etching

Oxidation and etching (A1) of the SOI aims at decreasing the top silicon thickness. The wafer is first oxidized

in a microelectronics oven (VT412 from ASM )at 950 °C under steam atmosphere. The targeted thermal

oxide thickness is calculated using equation 2.1 where tsi is the oxidized silicon thickness and tsi O2 the

grown oxide thickness.

tSi O2 = 2.27tsi (2.1)

After obtaining the desired oxide thickness, this last layer is then etched using a 49 wt% HF aqueous

solution in a single wafer etching tool from SEZ. The silicon film acts as an etch stop layer. The silicon and

oxide thicknesses are monitored using a an ellipsometer (Nanometrics Atlas XP+, see subsection 2.1.7).

2.1.3.2 A2: Si film patterning

Depending on the intended use, the SOI top silicon layer could be patterned to define devices, such as

ribbons or disks for mechanical tests. Standard photolithography process with JSR IX420H photoresist

material were used to that end. Different types of masks were tested: soft masks (i.e. ink on a polymer

backing film), which are cost-effective and easy to prototype but have less defined edges, and hard masks

(i.e. chromium on glass), which are more expensive but with much better defined edges and lower Critical

Dimension (CD) value. A final design used for a 1X chromium mask is shown in figure 2.4. Three differ-

ent kinds of patterns are defined: [110] and [100] oriented 2×24 mm2 ribbon and 20 mm diameter disks.

Tensile tests performed on samples using patterned SOI will be detailed in chapter 3.
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Figure 2.4: Positive 1X chromium mask used for the photolithography of patterns used in the fabrication of tensile test
samples.

2.1.3.3 A3: Edge trimming

A 250µm thick and 1.5 mm wide strip on the edge of the starting wafer could be removed using a dicing tool

from DISCO. It prevents edge fragility during mechanical grinding of the SOI backside after the bonding

step (steps D an E). Figure 2.5 illustrates the origin of edge fragility without trimming step. One of the edge

trimming drawbacks is the associated particle contamination. A mega-sonic cleaning in isopropyl alcohol

(IPA) is performed after to limit this contamination.

Carrier

Standard wafer

Wafer bevel

Glue

Fragile edge

Edge trimmed wafer

Post bonding Post grinding

Figure 2.5: Edge trimming effect on bevel fragility after mechanical grinding of a wafer backside.

2.1.3.4 A4: Pattern sidewall chemical smoothing

Additionally, an anisotropic etching process was tested on silicon pattern edges to smooth out any remain-

ing roughness after lithography and etching (step A4). For standard lithography process, isotropic etching

processes are used, all crystalline planes are etched at the same rate. For WET etching with strongly aque-

ous alkaline media such as KOH or TetraMethylAmmonium Hydroxide (TMAH), the etch rate depends on

the activation energy of the silicon atomic planes. The etch rate of (110) and (100) planes is higher than the

one of more stable (111) planes [Tabata et al., 1992]. Figure 2.6 (a) presents (100) and (111) silicon surfaces

after TMAH etching at different concentration in aqueous solution from the work of Tabata et al.. For the

process used here, the different steps are detailed in figure 2.6(b). A SOI with a 1µm BOX and a 400 nm
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top silicon layer is used. The top silicon layer was first thermally oxidized to form a 400 nm thick silicon

oxide layer. Then the 1X chromium mask presented in figure 2.4 was used to pattern a photoresist layer.

The top silicon dioxide layer was etched, then the remaining 200 nm of the silicon thin film, according to

the patterns defined earlier. After photoresist removal, a chemical smoothing of the silicon pattern edges

was performed. The silicon oxide acts as an etch mask for the top silicon surface. A 25 wt% TMAH aqueous

solution was used for 75 min at 80 °C. An isotropic WET etching step is then used to remove at least 400 nm

of silicon oxide, revealing the patterns top silicon surface.

(a) (b)

Figure 2.6: (a)SEM images of (100) and (111) silicon surfaces etched in solutions with concentration between 5 and 40
wt% at 70 °C for 90 min [Tabata et al., 1992] (b) Process flow for the smoothing of silicon patterns sidewalls (A4). A SOI is
oxidized, the top oxide and silicon layer are patterned, then the wafer is etched in a TMAH solution and finally the top
oxide layer is fully etched with an isotropic WET etching step.

2.1.4 Bonding and interface engineering
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Figure 2.7: The different bonded stacks studied for the thin film transfer process.

Once the SOI film was prepared for the transfer (e.g. with desired thickness and patterns), it was bonded

to a carrier in order to safely remove the backside of the SOI wafer. As the objective was to obtain a flexible

structure, the bonding to a rigid carrier is temporary. Different bonding stacks and glues were evaluated

to control the adherence between the layers and the position of the weakest interface which drove the dis-

mounting process of the temporary bonded stack. These options are presented in figure 2.7. The bonding

was performed in a 200 mm EVG 520 bonder tool. A schematic of the bonding chamber is visible in figure

2.8. The two wafers are placed and aligned manually on the bonding chuck and are separated by metallic

flags. Prior to the bonding step, they are held together by metallic clamps, to maintain the initial align-

ment. The wafer coated with glue (either SOI or carrier) is placed at the bottom, on the bonding chuck. The

bonding recipe is the following :

• The bonding chamber is filled with N2 and evacuated down to 10×10−4 mbar

• The temperature of the piston and bonding chuck is raised to the set-point and maintained for 3 min
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• Metallic flags are removed and the piston applied a force of 6 kN for 3 min

• The piston is lifted up and the chamber is purged back to atmospheric pressure

• Bonded structure is cooled down to room temperature, bonding quality was then monitored using

Scanning Acoustic Microscopy (SAM) as described in subsection 2.1.7.2

Vaccum bonding chamber

Gas valve

Top wafer

Bottom wafer

Glue

Heated piston

Heated bonding chuck

Metallic flag

Clamp

6 KN

Figure 2.8: Schematic of a bonding tool for polymer bonding

2.1.4.1 Spin coating the glue

Two different interfacial glues have been evaluated for our process. The first one is the BrewerBOND®305-

30 from Brewer Science Inc, referred as BSI. It is a thermoplastic polymer commonly used for the processing

of ultra-thin wafer up to 300 °C. Here the BSI was spin coated at 700 RPM for 30 s to obtain a layer of 40 ±
1µm using an EVG 101 spin coating tool (see figure 2.9). The layer is then baked at 120 °C for 11 min and

at 220 °C for 11 min. Specifications of the BSI are given in the table 2.2. The BSI bonding is performed at

210 °C.

To decrease the adherence energy, an Anti Stiction (AS) coating composed of a fluoropolymer (3M Novec

2702, table 2.2) is used in addition to BSI. The AS is spin coated on the desired surface at 1000 RPM for

30 s. The corresponding solvent (3M Novec 7200) is then applied two times at the same rotation speed

and duration. To remove excess solvent, the coating is cured at 150 °C for 30 min. The resulting layer is

around 5 nm thick [Montméat et al., 2018]. The presence of the AS can be controlled with a water contact

angle measurement (DIGIDROP DSA 100 tool from Küss). Initially a bulk silicon wafer presents a contact

angle lower than 15° (hydrophilic). After AS coating, the angle is 108°, showing the enhanced hydrophobic

behavior of the surface [Montméat et al., 2018] as illustrated by figure 2.10. Considering the BSI and AS,

different bonding stacks can be proposed (see figure 2.7) :

• B1: AS on the carrier and Brewer Science Inc. (BSI) on the SOI. This enabled peeling of the glue from

the carrier (K2) or dismounting of the carrier (L1).

• B2: AS on the SOI and BSI on the carrier. This enable the dismounting of the sc-Si film from both the

glue and the carrier (L2).

• B3: AS and BSI on the SOI. This resulted in a stack similar to B2 and also enabled the dismounting of

the sc-Si film from both the glue and the carrier (L2), but the AS is not placed at the bonding interface,

the BSI is spin-coated on it.

• A last stack can be considered : AS and BSI on the carrier. This would result in a stack similar to B1

and also enables the dismounting of the carrier (L2), but the AS is not placed at the bonding interface,

since, similarly to B3, BSI is spin coated on it. This stack was not tested since the coating of the AS on

BSI is challenging due to the possible dissolution of the BSI by the AS during the spin-coating of the

AS.
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During dismounting, the separation always occurred at the weakest interface that is AS/BSI in these stacks.

Figure 2.9: Spin coating technique used for bonding polymer or AS materials, the thickness is a function of rotation
speed and polymer viscosity First, the solution is placed at the wafer center. A quick acceleration disperses the material
excesses. Then the rotation is speed is kept constant to obtain a good thickness homogeneity. Finally the layer is
annealed

Figure 2.10: Water contact angle observed on a DIGIDROP DSA 100 tool

(a) Bulk Silicon wafer (b) Silicon wafer coated with 3M novec 2702 AS material

2.1.4.2 Laminating the glue

For lower temperature applications and lower adherences without the use of AS coating, a dry film can be

directly laminated on the substrate. The reference used in this study is SPIS 21 from Shin-Etsu and was

bonded at 100 °C. The polymer is purchased on the form of rolls with a face made to be laminated and

another one for thermo-compressive bonding, protected by a cover-sheet. The adhesive properties and

composition are symmetric though. The dry film was laminated under vacuum using a heated roll (120 °C).

No AS coating was needed for this adhesive. Two bonding stacks were evaluated:

• B4: glue laminated on SOI. This enables the separation of the stack at the interface between the glue

and the carrier.

• B5: Alternatively the glue was laminated on the carrier. It allowed the separation of the interface

between the glue and the SOI

2.1.5 SOI backside removal
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Figure 2.11: Removal of the SOI backside from the bonded stack using mechanical grinding and chemical etching
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After bonding, a first mechanical grinding is performed. Grinding is commonly used in microelectronics

to remove thick layers of materials (i.e., from tens to hundred of µm). Grinding wheel coated by diamond

abrasives removes layers of material as illustrated by the schematic in figure 2.12. The speed of material

removal depends on the diamond abrasives granularity. A coarser grain results in a faster grinding but with

higher subsurface damages concentration [Haapalinna et al., 2004; Pei et al., 2008] (figure 2.12). DISCO

tools have been used for these steps.

(a) (b)

Figure 2.12: (a) Schematic of a grinding tool (b) Schematic of the different subsurface damages caused by mechanical
grinding in a silicon wafer [Hadamovsky, 1990]

The grinding takes place in two steps :

• A first coarse grinding that removes 525µm of the SOI substrate backside (D), leaving 200µm of the

initial bulk silicon substrate above the SOI buried oxide layer.

• A final grinding with a much finer wheel granularity in order to remove another 150µm, leaving 50µm

of the initial bulk silicon substrate (E)

Grinding in two successive steps is needed to have a fast enough removal rate while keeping a good con-

trol of the final thickness and surface state to prevent inhomogeneity during chemical etching.[Haapalinna

et al., 2004]. The second fine grinding step leaves a damaged layer of roughly 1µm in the 50µm layer[Pei

et al., 2008]. This is suitable to further chemical etching.

Another advantage to proceed in two separate grinding steps is that the bonding interface can be mon-

itored in between the two steps. Mechanical grinding induces high mechanical stress at the bonding inter-

face. A small bonding defect (i.e. a few µm) can produce a much larger defect after a grinding step and can

even results in a catastrophic fracture of the stack. A first grinding step with a 200µm set-point allowed to

monitor the evolution of defect with Scanning Acoustic Microscopy (SAM) imaging while greatly decreasing

the risk of fracture in the thinned down layer. Fracture usually happens at lower thickness or with defect that

would have been flagged after the bonding step. Annealing a thinned defective bonded stack can reduce

the defect size and allows one to continue the process flow, else the stack is discarded.

Selective chemical etching is used to remove the remaining SOI backside after mechanical grinding

steps. A single wafer etching tool from SEZ is used. Again, the process is divided in two steps:

• Etching of the remaining 50µm silicon layer with HF/HNO3 aqueous solution. The BOX was used as

an etch stop layer as the solution presents a strong Si/SiO2 selectivity [Schwartz and Robbins, 1976].

• Etching of the BOX with a 50 wt% HF aqueous solution. This time, the silicon layers acted as an etch

stop layer with a very high selectivity.
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At this point, an optional plasma etching step can be performed (step I, figure 2.13). A C2F4 plasma is

used in a P500E tool from Applied Materials®. This step was only performed on sc-Si layer with an initial

thickness of 205 nm as it is meant to replace the initial oxidation/etching preparation step (A1).

Glue 

Carrier

C2F4  

Glue 

Carrier

sc-Si (20-150 nm)sc-Si (205nm)

 
I Dry etching

Figure 2.13: Plasma etching of a sc-Si film after transfer on a polymer layer on a silicon carrier

A technical challenge at this stage is the measurement of the sc-Si film thickness. More details will be

given in subsection 2.1.7. This optional process split was used to decrease the sc-Si thickness after the first

transfer on polymer and not before (i.e., oxidation and etching of the top silicon layer A1). This allowed

keeping a standard thickness value for the first transfer while the final thickness can be finely tuned to the

desired value here after. Any possible issues caused by a low thickness during the transfer process can thus

be avoided.

2.1.6 Transfer on flexible substrate
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Figure 2.14: The different transfer options to obtain a sc-Si film on flexible polymer substrates. Step K1 and K2 are used
to obtain silicon on tape whereas step J2 results in a silicon on glue stack. An additional step performed outside of a
clean room environment allows to transfer a sc-Si layer on PDMS layer (J3-L3)

After the two steps of selective chemical etching, only the top silicon film of the SOI is left on the glue

used in the temporary bonding step (stack H or I). The sc-Si film needs now to be dismounted from the rigid
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silicon carrier to obtain a flexible and stretchable structure. Depending on the chosen bonding process,

there are different options to obtain a sc-Si film on a flexible polymer substrate, as illustrated in figure 2.14:

• For bonded stack B1 or B4, the weak interface is situated between the glue and carrier, the glue could

be peeled off from the rigid carrier (step J2). The resulting structure is a SOP. The glue acting as a

flexible substrate (stack L2).

• Alternatively, a flexible tape could be laminated on the stack H or I. A metallic disc frame was placed

around the wafer for handling purposes (illustrated in figure 2.15). This step could be either per-

formed manually or with an automated tool (850DB from EVG). The two different tapes used are pre-

sented in table 2.2. Then the carrier and glue are removed. The process depends on the position of

the weakest interface. In the case of bonding stacks B1 and B4, the carrier is first dismounted and the

glue remains on the sc-Si thin film. Then the glue layer can be removed using a megasonic cleaning

under a d-Limonene flow in an EVG 850DB tool(L1). For bonding stacks B2, B3 and B5 the glue layer

is dismounted with the rigid carrier (L2) thanks to the presence of a weak interface between the sc-

Si thin film and the glue (AS/Glue or low temperature bonding interface). Both this process options

yielded a SOP with an adhesive tape acting as a substrate and held by a metallic frame.

• A last option, allowed to transfer the sc-Si thin film on a thick PDMS layer. A 1 to 10 mix of Sylgard®184

Silicone Elastomer (PDMS) is poured on the stack B2 and cured at room temperature for at least 48 h.

The 5 mm thick PDMS layer was peeled off with the sc-Si film.

Figure 2.15: Snapshot of a dicing tape laminated on a 200 mm wafer and a DISCO metallic frame

Transfer of silicon pattern is performed the same way as for full sheet films. Once the silicon patterns

are transferred on a chosen flexible substrate, they could be separated to be individually characterized. An

automatic cutting tool (Graphtec CE6000) is used to cut the polymer substrate. Optical marks allowed to cut

homogeneous samples with the silicon film centered and aligned. The preparation of a batch of uniaxial

tensile test sample on Furukawa is illustrated in figure 2.16. In this case, a single orientation soft mask was

used but the method remain the same for different masks

Figure 2.16: Tensile test sample fabrication process. (a) Patterns transferred on flexible tape. (b) Uniaxial tensile test
samples after cutting (c) Uniaxial tensile test sample dimension (d) Micrograph of a ribbon pattern.
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A method to obtain a single pattern on a polymer substrate up to 300 mm diameter using a Kapton mask

was also developed. This process is used to prepare samples for tensile apparatus needing large polymer

substrate without sacrificing patterns surrounding the studied one . The different step are detailed in figure

2.17. A 25µm thick Kapton sheet is placed on the patterned SOP prior to tape lamination with a cut-out

around the desired pattern or patterns. Then the transfer process was carried on, only to transfer the pattern

placed in the Kapton cut-out.

Top
view

Side
view

Patterned SOP Kapton mask
placement

Tape lamination Dimsounting

Silicon

Glue
Katpon Frame Frame Tape

Figure 2.17: Process for the transfer of a single pattern from a SOP onto a Furukawa tape using a Kapton mask

This process can also be used to isolate a single pattern on a tape held by a metallic frame for handling

purposes. This way, different transfer parameters and process splits could be tested on patterns using a

single patterned wafer.

2.1.7 Characterization

Metrology steps are necessary during the process to control key parameters in the transfer process. Con-

cerning the bonding interface, bonding defects and bonding energy are monitored. After bonding, bonding

stack morphology and stress should also be controlled. Finally the defectivtiy, stress, thickness and surface

roughness of the silicon thin film are observed at different stage of the transfer process.

2.1.7.1 Defectivity

First, if a trimming step is performed, the particle contamination of the surface prior to bonding is quanti-

fied using an KLA tencor surfscan SP1 tool. This tool, based on laser diffraction, detects particles and surface

defects with a size threshold set between 0.09 and a few micrometers. For this study the recipe threshold

is set between 0.2 and 1µm. The coordinates of the defects are also saved by this tool. A morphological

analysis can then be performed with a Scanning Electron Microscope (SEM).

SEM observations presented in this work are obtained with secondary electron detectors on different

tools:

• FIB G3 from Applied Materials. It is used for defect inspection after defectivity measurement.

• Zeiss MERLIN

• Hitachi S5000

For further defectivity measurements, a KLA tencor surfscan SP2 was used. Metal and particle contam-

ination concerns prevent the use of this tool earlier in the process.
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2.1.7.2 Bonding interface metrology

Bonding interface are evaluated using Scanning Acoustic Microscopy (SAM). A megasonic transducer pro-

duces acoustic waves (230, 140 or 30 MHz frequency) that travel through the stack. The lateral resolution

varies as the inverse of the transducer frequency and is here ranging from 10µm to 50µm. Each interface

will reflect a fraction of the incident signal. Mapping of the whole stacks surface reflected signal allows to

extract the percentage of unbonded areas and to observe defects morphology and position. The transducer

records the reflected signal intensity as a function of time. The time at which the reflected signal is received

by the transducer is function of the interface depth in the stack and the different materials of the stack. The

degree of ultrasonic reflection from an interface is governed by equation 2.2.

R = Z1 −Z2

Z1 +Z2
(2.2)

Where R is the fraction of reflection, Z1 and Z2 are the acoustic impedance of the two materials analogous to

refractive index in light propagation. The propagation speed c of an acoustic wave in a material of stiffness

C and density ρ is presented in equation 2.3.

c =
√(

C

ρ

)
(2.3)

Schematic of a SAM is presented in figure 2.18. The reflected signal is collected while the transducer

scans the stack surface. For a given point, the amplitude is collected as a function of time (i.e., an "a-scan").

An image of the bonding interface is then reconstructed from the part of the signal that corresponds to the

interface depth (and time of flight of the acoustic wave). Images presented in this work are called "c-scan"

and correspond to the mapping of a signal gate placed at a fixed time and with a certain time width for the

whole stack surface. In the case of direct bonding with a defect-free bonding interface between two identical

materials, no signal should be reflected by the bonding interface. The convention in direct bonding is to

show a black pixel when no defect is detected and (i.e., no reflected signal in the corresponding time range)

whereas a white or bright pixel will indicate the presence of an interface (i.e., air bubble). An example is

given in figure 2.18

Figure 2.18: Schematic of a SAM with an example of a signal reflected by a defect in a covalent bonding stack

In the case of polymer bonding, the signal is more complex to analyze. First of all, even without any

delamination, the different ceramic/polymer interface will give a quite important acoustic reflected signal

as the acoustic impedance difference is quite important (the polymer thickness is also not negligible com-

pare to the acoustic wavelength). This constant reflection implies to reduce the acoustic amplitude in order

to optimize the difference between a delamination detection and this continuous signal. A polymer bond-

ing SAM image will then also be mainly “grey” as shown on figure 2.19. As the acoustic wave propagates
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through the polymer layer, the acoustic amplitude will also be impacted by the material attenuation and

the thickness variation will then impact the recorded acoustic signal amplitude. It is then possible to see

the signature of the polymer thickness non-homogeneity.

Figure 2.19: SAM c-scan image the bonding interface between two silicon wafer bonded with a an adhesive polymer
layer.

Moreover as several interfaces are present and close to each other the signal is even more complex to

analyze in the case of two wafers bonded with a 40µm layer of BSI:

• A first interface I between the water and the SOI backside. The carrier wafer is always placed at the

bottom so that the height of the bonding interface remained constant along the different grinding

and etching steps.

• A second interface II between the SOI Si thin film and the glue.

• A third interface III between the glue and the carrier wafer. The reflected of this interface is typically

mapped during a c-scan to probe the quality of the bonding interface.

• A last interface IV is present between the carrier and the chuck of the tool.

Figures 2.20(b-d) display examples of SAM a-scan and c-scan for different thicknesses of the SOI back-

side. At 725µm, the analysis of the a-scan is straight forward with an entry and exit peak of the SOI sepa-

rated by 162 ns. Using equation 2.3 with Csi =165.6 GPa (Silicon stiffness along the normal to the surface

for a (001) wafer [Hopcroft et al., 2010]) and ρsi =2330 kg/m3, a corresponding length of 1364 ± 15µm is

calculated. It corresponds to about twice the thickness of the SOI (back and forth). The peak corresponding

to the bonding interface is close to the SOI exit peak ( 25 ± 3 ns ). At lower backside thicknesses, more peaks

appeared on a-scans.
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Figure 2.20: SAM analysis of adhesive bonding stack with a top wafer of different thicknesses (a) Analyzed stack, colored
area corresponds to the matching time frame in a-scan (b-d) A-scans and c-scans from the red gate. (b) 725µm (c)
500µm (d) 300µm

The first two still corresponded to the entry and exit peak of the top wafer, as presented in table 2.3.

The position of the peak corresponding to the bonding interface is empirically determined but it is always

a satellite peak, separated by (25±3) ns from its nearest neighbor, which is likely an echo from the SI/BSI

reflected signal.

Top silicon thickness µm ∆t (ns) Half of the acoustic
travel length (µm )

725 162 682

500 114 480

300 72 303

200 47 198

150 35 147

Table 2.3: Time delays obtained on a-scans between peaks I and II and the calculated distance for different top wafer
thicknesses

Figure 2.21 presents some examples of SAM c-scans of polymer bonded stacks. The image (a) shows

some slight contrast variations but overall there is no sharp change in the collected signal indicating a de-

fect. Scan (b) shows a significant defect on the right side. It corresponds to the location of the metallic

clamp holding the stack in place before bonding. An annealing step might be able to cure this defect. The

bonding interface imaged in scan (c) presents significant defects all over the bonding interface. Air bubbles

were trapped at the interface due to dewetting of the glue layer. This kind of defects leads to the discarding

of the stacks as it will not be able to sustain mechanical grinding steps.
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(a) (b) (c)

20 mm

Figure 2.21: Examples of SAM c-scan images of 200 mm polymer bonded stacks. (a) Defect free bonding interface (b)
Edge defects at the clamp location (c) Major defects due to the dewetting of the glue layer

After controlling the quality of the bonding interface, quantifying the adherence energy is a key issue for

a temporary bonding process. During the different dismounting and transfer steps (Steps K and L) a qual-

itative information on the position of the weakest interface is obtained since it is the one that yields when

separating the film from the carrier. To quantify more accurately the adherence energy, the Double Can-

tilever Beam (DCB) method proposed for wafer bonding by Maszara et al. was used [Maszara et al., 1988].

A blade is inserted in between the bonded wafer as illustrated in figure 2.22. The adherence is calculated

using El Zein formula for anisotropic materials [El-Zein and Reifsnider, 1988], simplified for the present

geometry in equation 2.4.

G = 3

16

Eδ2t 3(
1−ν2

)
a4

, (2.4)

where G is the adherence energy (J/m2), E is the silicon Young modulus in the beam direction (169 GPa,

ν the Poisson ratio between the beam and the crack front propagation direction (0.06), δ the blade thickness,

t the wafer thickness and a the crack length described in figure 2.22. While E andν are tabulated, and t and δ

can be measured prior to the experiment, some experimental uncertainty can arise from the measurement

of a. a can be decomposed in three component : abl ade , ameasur ed and aIR. abl ade is the length between

the blade edge and the contact point between the wafer and the razor blade, it is measured with an optical

microscope prior to the blade insertion. ameasur ed is obtained by Infrared (IR) observation and corresponds

to the debonded distance between the razor blade tip and the first optical interference. aIR is the remaining

debonded length, not included in ameasur ed due to optical interference. Knowing the beam deformation

equation, it can be calculated [Fournel et al., 2012, 2013].
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Figure 2.22: Blade insertion for adherence measurement in wafer bonding. (a) Schematic of a blade insertion (b) Detail
of the different parameters used in the determination of a used in equation 2.4 (c) IR image of a razor blade inserted
between two bonded silicon beams. Measured parameter for adherence energy are highlighted. (d) IR Snapshot of a
bonded stack during a blade insertion measurement

This method is widely used in direct bonding but its validity needs to be evaluated for polymer bond-

ing. The presence of an adhesive polymer at the bonding interface can be taken into account with a closed

formed solution proposed by [Penado, 1993]. This method was also used by [Argoud, 2012] and [Guillemenet

and Bistac, 2001]. The equation 2.4 is modified with a second term. Adherent (here silicon) and adhesive

(here a polymer) are assumed to act as springs in series with individual contribution KSi and KPol . The total

contribution is expressed as :

K = 1

1/KSi +1/KPol
(2.5)

where

KSi = 2Eb

t
(2.6)

and

KPol =
EPol b

tpol
(2.7)

With b as the sample width.

The resulting expression for G is :

Gpol =
3

16

Eδ2t 3(
1−ν2

)
a4

1

(1+ (λSi /λ)(0.64t/a))4 (2.8)

With

λ=
(

3K

Ebt 3

)1/4

(2.9)

and

λSi =
(

3KSi

Ebt 3

)1/4

= 61/4

t
(2.10)

Using equation 2.4, 2.5, 2.6, 2.7, 2.9, 2.10 and 2.8 the adherence energy for a bonded stack with a polymer
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adhesive Gpol can be expressed as :

Gpol = G
1

(1+ (
tEpol+2tpol E

tEpol
)1/40.64 t

a )4
= G∗ζpol (2.11)

Where ζpol is a correction coefficient for the standard DCB adherence energy value. For two 725µm

thick (100) silicon wafer bonded with a 40µm BSI layer (Epol = 2.1 GPa) ζpol ≈ 0.9. Neglecting the poly-

mer effect in a polymer bonded stack can lead up to a 10% overestimation in the case of BSI. As this is

still within the margin of error of the measurement, and as the blade insertion purpose is a comparison

between the different interface and the value reported in the literature, the standard El zein equation was

used here. Combined with the underestimation of debonded length, a significant uncertainty can arise

from DCB measurements. Absolute values need to be taken into account with great care but it remains a

powerful, cost effective and fast method for assessing the bonding energy in polymer bonded stack.

2.1.7.3 Wafer Morphology

During the grinding step, thickness of the different layers are monitored, as well as the morphology of the

stack. A rough estimation of the stack thickness is usually performed with a mechanical comparator but for

a better overview of stack morphology, a FRT MICROPROF tool is used. Three types of characterization are

performed with this tool :

• Evaluation of the full stack height in two full diameters. The method used is a double confocal mea-

surement (DC measurement). Two confocal microscopes monitor each face of the stack, their height

difference gives the full stack thickness in a given point. From these thickness profiles the Total Thick-

ness Variation TTV can be extracted as seen in figure 2.23(a). This metric gives a rough estimation of

the thickness homogeneity and a maximum value is often specified for industrial tools or processes.

• An Infrared (IR) sensor was also used to evaluate the thickness profile and TTV of the top silicon layer

during grinding steps.

• The bow, the convention used here is the bow-semi, the formula used is equation 2.12 where fFAV

and bFAR are the surface to sensor distance with the wafer front-side up and backside up respectively

[ASTM and SEMI, 2015]. The two measurements are necessary to avoid the influence of gravity on

the bow. Curvature radius can also be calculated from these values as shown in equation 2.13. The

convention is that a negative bow indicates a concave wafer and a positive bow is obtained for a

convex wafer.

B = fFAV −bFAR

2
(2.12)

R = (
D2

8B
+ B

2
) (2.13)
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Figure 2.23: (a) Method of measurement of the Total Thickness Variation (TTV) using a wafer thickness profile (b)
Procedure for measurement of a wafer’s bow, the bow is then obtained using equation 2.12

2.1.7.4 Thin film characterization

In order to asses the final sc-Si film thickness after transfer on a polymer layer, several methods can be

evaluated :

• High Resolution X-Ray Diffraction (HRXRD). The thickness fringes width and frequencies around a

Bragg peak are a function of the number of atomic planes of a crystalline film. ω−2θ coupled scans are

performed with a Bruker D8 diffractometer (copper anode λkα = 1.54056 Å). The scans are performed

around the (004) silicon peak position.

• X-Ray Reflectivity (XRR). This technique is sensitive to electron density and surface roughness. Con-

trary to HRXRD it allows characterizing the thickness of amorphous layers. Kiessig fringes are mea-

sured and fitted to obtain a thickness value.

• Ellipsometry is another widespread method for thin film characterization in microelectronics. A po-

larized light is reflected on a sample surface. Polarization changes between the incident and reflected

beam are modeled to extract thin film thickness value. A Nanometrics Atlas XP+ is used for in-line

characterization and a M-2000 Ellipsometer from J.A. Woollam Co. is used for model developments.

2.1.7.5 Raman Spectroscopy

The general theory behind Raman Spectroscopy and its application to stress measurement in semiconduc-

tors materials is detailed in annex A.1. The data presented in this thesis are obtained using a Horiba LabRam

HR with paired with a He-Ne laser (632.81 nm, 17 mW). Hole and slit size are respectively 100 and 200µm to

achieve a confocal beam, the vertical resolution is 2µm while the lateral resolution is 1µm. A 100X objective

is used. The laser power was limited to 10% of its nominal value to avoid thermal stress [Wolf, 1999].

The Raman is paired to a motorized stage (50×70×4 mm). A bulk silicon sample was used as a reference

before and after each measurement. In this chapter, all the stress measurement were performed assuming

the stress in the (100) silicon plane is purely biaxial. The biaxial strain εbi can be obtained using equation

2.14 with the experimental Raman peak shift ∆ω and the strain shift coefficient bbi = −723 [Nakashima
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Figure 2.24: Schematic of a confocal Raman spectrometer microscope [Schmid and Dariz, 2019]

et al., 2006; Peng et al., 2009] The biaxial stress σbi is then expressed in equation 2.15 using Hooke’s law and

silicon biaxial Young modulus B100 = 180GPa [Hopcroft et al., 2010].

∆ω= bbi εbi (2.14)

σbi =
∆ω

bbi
B100 (2.15)

All the Raman spectra were fitted with a Python routine. This routine also performed calibration from

the reference spectrum and stress calculation as described above. The code is available on a GitHub repos-

itory [Michaud et al., 2019].

2.1.7.6 Topography

Surface roughness is a key parameter in wafer bonding as detailed in chapter 1. Depending on the rough-

ness and surface monitored, different techniques are used. The parameter used to describe the surface

roughness is Rq the root mean squared of the surface height to the mean surface as detailed in equation

2.16 and figure 2.25. The peak to valley maximum distance was also used in addition to Rq in case of sur-

faces with inhomogeneous topography.

Rq =
√

h2
1 +h2

2 +h2
3 + . . .+h2

n

n
(2.16)

For larger scale (i.e., above 100µm×100µm) characterization of a surface nanotopography, an interfer-

ometer microscope was used. A beam is separated in two parts, one is reflected on a mirror (reference) and

one on the sample. Sample topography induces interference in the combination of the two beams. Dis-

placement of the reference surface allows for a reconstruction of the sample topography with an order of

magnitude of λ/4 where λ is the wavelength of the light source (632 nm). The tool used here is a Wyko NT

3300 from the manufacturer Veeco.
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Figure 2.25: Schematic to illustrate the metrics used to describe surface roughness and nanotopographgy

For smaller surface (i.e.,below100µm×100µm) analyses and smoother topography (i.e.,roughness lower

than 10 nm) an Atomic Force Microscopy (AFM) is used. A Bruker FastScan tool was used in "ScanAsyst"

mode which is a particular mode of peakforce tapping developed by Bruker.

2.2 Wafer preparation for silicon single-crystal layer transfer

2.2.1 Decreasing top Silicon thickness

As detailed in table 2.1, the SOI used as starting wafer has a 200 nm thick silicon and a 400 nm thick BOX.

Actual thicknesses obtained by ellipsometry are 206 ±11 nm and 403 ±2 nm. These data are obtained on 25

wafers with 49 data points per wafer. The table 2.4 presents the different layers thicknesses after oxidation

and etching for the preparation of stack A1. The target oxide thicknesses were calculated using equation

2.1. Snapshots of the resulting SOI are presented in figure 2.26. SOI substrates with top silicon thickness

varying from 20 to 205 nm were thus available.

Oxidation Etching

Final silicon
thickness
target (nm)

BOX (nm) Top silicon
layer (nm)

Oxide (nm) BOX (nm) Top silicon
layer (nm)

20 404.2 ± 0.1 19.5 ± 1.0 408.2 ± 0.4 404.4 ± 0.1 19.3 ± 1.3

50 403.2 ± 0.1 61.5 ± 0.9 333.1 ± 0.6 404.1 ± 0.1 62.1 ± 0.2

100 403.5 ± 0.3 106.5 ± 4.4 220.9 ± 0.2 403.9 ± 0.2 106.9 ± 4.7

150 403.2 ± 0.1 151.6 ± 1.0 115.3 ± 0.1 403.7 ± 0.1 151.5 ± 0.9

Table 2.4: Oxide and silicon thickness during the oxidation and etching of SOI wafers
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Figure 2.26: Snapshots of 200 mm SOI with different top silicon thicknesses. The thickness smaller than 205 nm are
obtained by oxidation and etching of the 205 nm thick initial top silicon layer.

2.2.2 Patterning

Figure 2.27 presents snapshots of SOI after photolithography, etching and photoresist removal. The patterns

are designed to be used as tensile test sample. Wafer pictured in figure 2.27(a) and (b) were produced using

soft masks. Only one pattern orientation is present as the masks could be rotated to obtain any desired

orientation. For the 1X chromium mask (figure 2.27(c) the mask is aligned with the wafer notch. So two

orientations ([110] and [100]) of 2×24 mm2 ribbons were patterned as well as disks.

Figure 2.27: SOI wafers with a patterned 205 nm top silicon layer. (a-b) Two different soft masks (c) Final 1X chromium
mask

One of the motivation behind the use of a 1X chromium mask was to achieve a smoother edge definition.

As seen in figure 2.28 (b,c), patterns edges can deviate as far as 1µm from a straight line. This is due to

inhomogeneity in the ink used in the mask as seen in snapshot in figure 2.28 (a). The 1X chromium mask

offered a much better resolution for the macroscopic patterns used to design tensile test sample. With an

optical microscope, no roughness is observed on the pattern edge (see figure 2.28 (d,e)).
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Figure 2.28: (a) Micrograph of soft mask (b,c) Micrographs of pattern defined on a SOI top silicon layer using a soft mask
(d,e) Micrographs of pattern defined on a SOI top silicon layer using a 1X chromium mask

(a) (b)

SiO2

SiO2

Si Si

SiO2

Figure 2.29: Tilted SEM cross-sectional observation of an oxidized SOI after photolithography and etching. The pattern
is oriented along the [100] direction of the silicon film (a) Full stack (b) Detail of the silicon/oxide pattern edge
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Nevertheless SEM observations (figure 2.29) revealed some sub-micronic variations in pattern edges

after a standard lithography process as used previously. As described in paragraph 2.1.3.2, to smooth the

pattern edge, an anisotropic etching step was performed on silicon patterns (A4, detailed in figure 2.4(b)).

Micrographs of the patterns after anisotropic etching presented in figure 2.30 show characteristic un-

dercut for TMAH etching on the ribbon corners [Pal et al., 2014]. A silicon underetch can also be observed

for the two different ribbons orientations. The [110] oriented ribbons presented a 1.6 ± 0.5µm underetch

whereas it was significantly higher for [100] oriented ribbons (22 ± 0.5µm).

Figure 2.30: Micrography of silicon ribbons after anisotropic TMAH etching of their sidewalls.

(a,b) [110] oriented ribbon (c,d) [100] oriented ribbon

Other SEM observations were performed during the pattern edge smoothing process. Cross-sectional

observations of a [100] oriented ribbon are presented in figure 2.31 The silicon underetch is visible in figure

2.31(a). As seen in Figure 2.31 (b) the sidewalls presented a low surface roughness and were formed by

(100) planes. A similar cross-sectional view of a [110] oriented ribbon is visible in figure 2.32(a). A bevel

was formed on the silicon edges with an angle of 54 ± 1° between the edges and (001) plane. Silicon etch

rate in a 25 wt% aqueous TMAH solution at 80 °C is 0.5µm/min for (100) planes and 0.9µm/min for (110)

planes. And the etch rate ratio for (111)/(100) silicon crystalline planes is estimated to 0.05 [Tabata et al.,

1992]. It explains that higher order planes were revealed on the edges of [110] oriented ribbons. Those

planes present higher activation energies and thus lower etch rate. Pattern edges parallel to (100) planes

were etched at a linear rate without revealing higher order planes, resulting in a more significant underetch

and smooth (100) sidewalls.
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Figure 2.31: SEM observation of [100] pattern edge smoothing with TMAH anisotropic chemical etching.

(a) After TMAH etching (b) Detail of the black square (c) After wet etching of SiO2

(a) (b)

SiO2

SiO2

Si

Si

SiO2

Si

Si

Si under etch
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Figure 2.32: SEM observation of [110] pattern edge smoothing with TMAH anisotropic chemical etching.

(a) After TMAH etching (c) After wet etching of SiO2

As seen in figure 2.31(c) and 2.32(b), the 1µm thick BOX was entirely removed during the wet etching of

the 400 nm thick thermal oxide layer protecting the patterns surface during anispotropic etching. A signifi-

cant oxide underetch is observed (1.5µm), leaving the edge of the silicon pattern suspended. The difference

between the expected and actual structure are illustrated in figure 2.33. Implication of this overetch on the

transfer of silicon pattern on a polymer substrate will be discussed later in this chapter.
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Patterned  TMAH etching

SiO2 (1 µm) 

Si (725µm)

SiO2 (1 µm) 

Si (725µm)

SiO2 (400nm)
Si (725µm)

sc-Si (200 nm)

Si (725µm)

sc-Si (200 nm)

Expected stack

Actual stack

SiO2 

Si underetch

SiO2 underetch

Figure 2.33: Schematic of the TMAH anistropic etching atfter patterning of an oxidised SOI with the expected structure
and the one actually observed

2.2.3 Wafer edge trimming and defectivity

Microscopic observations of the bonded stack with and without trimming are presented in figure 2.34. As

expected, the thin and fragile edges were not present after grinding in the case of an edge trimmed wafer.

However the glue was in contact with the trimmed edge. Moreover edge trimming of the SOI wafer resulted

in a significant particles contamination of the surface: 1300 defects are observed for a threshold detection

of 500 nm. As shown in figure 2.35, a megasonic cleaning of the surface reduced the particles contamination

to about 300 remaining particles measured with a threshold of 500 nm.

(a) (b)

(c) (d)

Si

Si

Si

Si

Si

Si

Si

Glue

Glue

Glue

Si
Glue

Figure 2.34: Cross-section optical microscope observations of a bonded pair before and after a mechanical grinding
step (a-b) Without edge trimming (c-d) With an edge trimming step described in subsection 2.1.3.3
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Figure 2.35: Defectivity of edge trimmed wafers before and after megasonic isopropyl alcohol (IPA) cleaning for different
defect size threshold

2.2.4 Adherence energy

The adherence energy of different bonded stacks was evaluated using the DCB method (section 2.1.7.2).

The results are presented in table 2.5.

For BSI, the adherence energy of BSI/Si is around 2 J/m2 and the opening interface is the bonding in-

terface. If a fluorinated polymer (3M 2702) is used, the adherence BSI/2702 is less than 0.4 J/m2 and thus

lower than the BSI/Si adherence. BSI/2702 is the opening interface. It clearly indicates that 3M 2702 coating

acts as an AS layer for the BSI glue.

For SPIS 21, the adherence is 1 J/m2. The weakest interface is the bonding interface.

We know that a mechanical dismounting is easy and safe when the adherence is lower than 1.2 J/m2

[Abadie et al., 2019]. SPIS 21 is suitable for the dismounting while an AS coating is needed for stacks using

BSI as a glue. With the bonding and lamination parameters used in this study, the SPIS remains on the

laminated wafer after blade insertion.

1st interface 2nd interface Temperature (°C) Adherence en-
ergy (J/m2)

Reference

BSI 305 Silicon wafer 210 4 [Montméat et al., 2018]

2.5 ± 0.5 this work

BSI 305 3M 2702 210 0.4 ± 0.1 [Montméat et al., 2018]

0.1 ± 0.01 this work

BSI 305 Glass 210 1.56 ± 0.31 This work

SPIS 21 Silicon 100 0.93 ± 0.2 This work

Table 2.5: Adherence energy for different bonded stacks

The choice of glue and AS coating in the bonding step (stacks B1 to B5) will defined the separation

interface during the dismounting of the transferred film. The results presented below will detailed the effect

of the bonding stack and bonding energy on the transfer of a sc-Si film on a flexible polymer substrate.
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2.3 Glue as flexible substrate for silicon thin films

After polymer bonding and removal of the SOI backside, the sc-Si film is effectively transferred on a polymer

layer (SPIS or BSI). As illustrated in step K2 of figure 2.2, the glue can be peeled off the carrier to obtain a

stand-alone silicon on glue flexible structure. To do so, the weakest interface needs to be the one between

the glue and the rigid carrier.

2.3.1 BSI (BrewerBond™305-30)

Here an evaluation of the transfer process using bonded pair B1 with BSI is detailed.

2.3.1.1 Bonding and backside removal

The bonding step was performed at 210 °C without edge trimming. Corresponding SAM images can be

observed in figure 2.36. The bonding interface did not present any defect. It remained intact during the two

successive grinding steps (D and E).

Figure 2.36: (a) SAM image of the structure after bonding (b) After grinding the SOI backside down to 200µm (c) After
grinding the SOI backside down to 50µm.

Cross section of the stack are visible in figure 2.37 (a,b). Apart from the bonding stack edges, the glue

layer remained homogeneous and void free on the full stack diameter. After grinding the top silicon layer

down to 200µm and 50µm the bows were 200µm and 300µm (convex shape with the SOI on top), respec-

tively. The grinding operations led to sub-surface damages and caused compressive strain on the upper,

ground, surface of the silicon substrate[Haapalinna et al., 2004].

Thickness profiles are presented in figure 2.38. After grinding the SOI wafer backside down to 200µm,

the full stack presented a pyramidal profile (a) as well as the top silicon layer. The fine grinding step greatly

decreased this trend for both full stack and top silicon layer (c,d). For the top silicon layer, the higher TTV

values are due to thickness variations in the glue thickness on the wafer edge. The IR Silicon thickness

measurement presented in figure 2.38 yielded a TTV of 7.5 and 5.3µm. Both topographies (200 and 50µm)

were very similar and the TTV values were close to 5µm for both wafers. It has already been demonstrated

that the TTV value of a thinned wafer bonded to a carrier depended only of the bonding process[Montméat

et al., 2015]. We can now also conclude that the TTV values were not affected by the grinding process and

do not depend on the thickness of the thinned wafer. Our bonded structure is thus compatible with a back

grinding process and led to a very homogeneous silicon wafer in term of thickness.
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Figure 2.37: (a) Cross-section of a SOI bonded to Silicon handling wafer using a 40µm BSI layer (b) Previous stack after
mechanical grinding of the SOI backside down to 50µm

(a)

(b)

(b)

(c) (d)

Figure 2.38: Thickness profile in two diameter of a 200 mm bonded stack (a) DC measurement of the full stack thickness
after coarse grinding of the SOI backside down to 200µm (b) Corresponding IR measurement of the Bulk silicon layer
(c) DC measurement of the full stack thickness after fine grinding of the SOI backside down to 50µm (d) Corresponding
IR measurement of the Bulk silicon layer
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After chemical etching of the remaining bulk silicon and BOX (step F and G), the 205 nm did not present

any crack or undulation. The silicon thin film color is a function of its thickness, a visual inspection con-

firmed the pink color expected for a 205 nm Si film presented in figure 2.39 (a) [Mirshafieyan and Guo,

2014]. A 500µm over-etch was also observed at the notch (figure 2.39). Figure 2.40 presents SEM observa-

tions the stack H that confirmed the thickness (205 nm) of the transferred silicon film and that no voids or

inhomogeneities were present at this scale. Ellipsometry measurements yielded a silicon thickness of 203.5

± 1.6 nm.

Figure 2.39: (a) Snapshot of stack H with a 205 nm thick sc-Si film. (b) Micrograph of the notch after chemical etching
of the BOX

²

Figure 2.40: Cross-sectional SEM observations of a 200 mm thick sc-Si film transferred on a 40µm thick glue layer (a)
Full stack (b) Detail of the step formed by the sc-Si film on the polymer layer

AFM topography images of the sc-Si thin film HF-last surface are presented in figure 2.41. The two

surfaces, in the wafer center and on an external diameter, presented a roughness lower than 0.2 nm. This

indicates that no morphological modification and particularly roughness modification were induced by

the transfer process as the previous value are consistent with the roughness of a donor wafer during Smart-

Cut™ (figure 1.18), i.e., lower than 0.5 nm. As exposed in chapter 1, this roughness is below the specification

required for direct wafer bonding. The roughness for a BSI 40µm layer after spin coating on a bulk silicon

wafer is 0.43 nm. This demonstrates that a 205 nm silicon layer retains its initial roughness after transfer on

a BSI layer.
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(a) (b)
0 1 µm 0 1 µm

Figure 2.41: AFM topographic image of a sc-Si film after transfer on a 40µm layer of BSI held by a rigid carrier (a) Wafer
center, Roughness Rq = 1.5 Å (b) Wafer outer diameter, Rq = 1.7 Å.

2.3.1.2 Dismounting and stress analysis

As presented in subsection 2.2.4, the expected separating interface in the present bonded stack is the BSI/AS

one. As a result, the glue layers could be easily peeled of the carrier (step J2 of figure 2.2). Figure 2.42 shows

a snapshot of the manual peeling of the structure. The result is a SOP with a 40µm thick BSI layer acting

as a flexible substrate. No cracks or undulations were observed. The structure is convex with the sc-Si film

face up as shown in figure 2.43(b). This curvature indicated that the two layers are under different stress

level. The origin of this difference is the mismatch in Coefficient of Thermal Expansion (CTE) between

the BSI (8×10−5 °C−1) and the Silicon layer (2.6×10−6 °C−1). After bonding, when the structure is cooled

from Tg (≈ 70 °C) down to Room temperature (RT), the mechanical coupling between the layers will prevent

full relaxation. To quantify the stress in the silicon layer, the biaxial stress is evaluated in the silicon layer

with a Raman spectrometer. For a 205 nm transferred after bonding at 210 °C (in fact only the Tg value is

important), the mean biaxial tensile silicon stress is 40 MPa before peeling as illustrated in figure 2.43(a).

After dismounting of the rigid carrier, the silicon is under a compressive stress of 60 MPa as a new equilib-

rium is reached between the two remaining layers. The compressive stress is consistent with the curvature

observed in figure 2.43(b). The silicon prevents full relaxation of the polymer layer.

Figure 2.42: Snapshot of the manual peeling of a BSI/Si structure from a 200 mm silicon carrier wafer
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(a) (b)

Figure 2.43: (a)Biaxial stress in a 200 nm sc-Si layer on glue before and after being peeled off its rigid carrier. Stress is
calculated from raman spectrum collected on a 500×500µm2 (b) Snapshot of a silicon on glue after being peeled off,
the silicon is on the outside of the cylinder.

In the literature, compressive stress of similar magnitude in silicon film transferred on polymer substrate

are reported [Byun et al., 2010; Argoud, 2012]. It is accepted that, given a significant difference in CTE

between a silicon wafer and a polymer, the main driving force is the difference between the "mechanical"

assembly temperature (related to the Tg ) and the final temperature. Argoud used a simple law of scale,

which yields a stress of similar magnitude. The law is described in equations 2.17 and 2.18 where ∆T is the

difference between the assembly temperature and RT, ∆α the difference between the polymer and silicon

CTE, E1 and E2 the Young modulus, h1 and h2 the thickness for respectively the silicon film and the polymer

substrate.

ε= ∆α∆T

1+ξ (2.17)

With ξ the ratio defined as :

ξ= E1h1

E2h2
(2.18)

In the case of a 200 nm thick silicon film on a 40µm thick BSI layer, it yields an order of magnitude of

0.5 % strain or 700 MPa stress, which is an order of magnitude higher of the experimental results presented

here.

A suitable model was used, stress in bonded heterostructures can be calculated using Timoshenko the-

ory on bi-metal thermostat [Timoshenko, 1925].

For two layers, the radius of curvature can be calculated with the equation 2.19 where Ei is the Young

modulus, vi the Poisson ratio,di the thickness and αi the CTE of material i . Ti and T f are the initial and

final temperature. For m = d1/d2 and n = E1∗ (1−ν2)/(E2 ∗ (1−ν1) = E′
1/[E′

2

1/ρ= 6
(
1+m2

)
(α1 −α2)

(
T f −Ti

)
(d1 +d2)

(
3(m +1)2 + (

m2 + 1
mn

)
(mn +1)

) (2.19)

1

ρ
− 1

ρ0
= 6

(
1+m2

)
(α1 −α2)

(
T f −Ti

)
(d1 +d2)

(
3(m +1)2 + (

m2 + 1
mn

)
(mn +1)

) (2.20)

The stress in the different layers is then computed using equations 2.21 and 2.22.

σ1 = 1

ρ

[
E′

1

(
z − d1

2

)
+ 1

d1

(
E′

1d 3
1 +E′

2d 3
2

6(d1 +d2)

)]
(2.21)
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σ2 = 1

ρ

[
E′

2

(
z −d1 − d2

2

)
− 1

d2

(
E′

1d 3
1 +E′

2d 3
2

6(d1 +d2)

)]
(2.22)

This model can be adapted to heterostructures with more than 2 layers [Feng and Liu, 1983]. Figure

2.44(a) presents the results for a Silicon (725µm) / BSI (40µm) / silicon (205 nm) structure formed at Te f f

and cooled down to RT. Stress in the glue and the polymer layer is plotted against Te f f as Tg can vary with

the cooling down kinetic and it is unclear below which temperature the elastic energy can be stored in the

polymer. The polymer stress increases with Te f f and is always positive (i.e., tensile). It is consistent with

the observation made in figure 2.43. Without the rigid carrier, the polymer will retract and the silicon film

will prevent full relaxation of the polymer at the interface with the sc-Si film, resulting in a cylindrical struc-

ture with the silicon on the outer part. However, no matter the Te f f value proposed here, the model gives a

negative stress in the silicon layer which is inconsistent with experimental values (40 MPa).

An hypothesis to explain the origin of this tensile stress of the silicon layer when the structure is held by

a rigid carrier is a temperature difference between the two heating elements of the bonder (figure 2.8). Here

the SOI coated with BSI is placed on the bonding chuck and the carrier is placed on top. In figure 2.44 (b,c)

the structure stressed is represented as a function of ∆T = Ttop −Tbot .

For the graph (b), Ttop is set to 70 °C. For negative value of ∆T (i.e., the cooling down of the bonding

chuck is faster), the model gives positive values of stress in the silicon layer. For the graph (c), Tbot is set to

70 °C. The stress in the silicon layer also reaches positive values for negatives values of ∆T but it would still

be below the detection limit of a Raman stress measurement.

With the use of this model, we showed that tensile stress in the top silicon layer of stack H could be

explained by a difference in cooling speed of the bonding chuck and piston in the bonder. However the

experimental values are still higher that the calculation. It could be explained by initial stress in the different

SOI layers.
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Figure 2.44: Stress in a transferred 200 nm sc-Si on BSI as a function off different bonding parameters. (a) Effective
bonding temp (b) Initial temperature gradient between the top and bottom wafer, the glue and sc-Si thin film are placed
on the bottom. ∆T = Ttop −Tbot Here Ttop is set to 70 °C (c) Stress as function of ∆T with Tbot = 70 °C.

2.3.1.3 Transfer of sc-Si film thinner than 200 nm

Previous results presented the transfer of 205 nm thick silicon layer. As the objective is to obtain high strain

in the transferred thin film, one could assume that a lower thickness allows achieving higher maximum

strain by decreasing the elastic energy necessary to reach a certain strain value. The SOI previously used

were oxidized and etched to obtain the desired thickness with targeted thicknesses of 20, 60, 100 and 150 nm

as shown in table 2.4. The resulting film was transferred without edge trimming, using bonded stack B1 on a

BSI layer on rigid carrier (stack H). Ellipsometry measurements presented in table 2.6 shows that the desired
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Goal (nm) Thickness after oxidation and etching of a SOI (nm) Silicon thickness after transfer on glue (nm)

20 19.3 ±1.4 19.6 ± 1.7

50 61.9 ±1.7 61.9 ± 2.9

100 106.9 ± 1.8 107.7 ± 3.3

150 151.6 ±1.2 151.9 ± 2.6

205 206 ± 1.1 203.5 ± 1.6

Table 2.6: Silicon thickness measurement by ellipsometry. The first measurement are made on a SOI after oxidation
and etching of the resulting oxide layer (step A1). The second measurement is performed after the removal of the SOI
backside (step F)

silicon thickness was effectively transferred from the SOI to the glue

Snapshots of the transferred wafers are presented in figure 2.45 (a-c). Initial visual observation of the

thin film color already indicated the transfer of varying sc-Si thicknesses [Mirshafieyan and Guo, 2014], and

they are consistent with the color observed on the starting SOI seen in figure 2.26. Subfigures (d-f) illustrate

the effect of a point defect at the bonding interface on the sc-Si film topography at for different thicknesses.

A particle of a given size at the bonding interface will result in a larger affected area at lower film thickness.

Figure 2.45: (a-c) Snapshots sc-Si film on different thickness transferred on a 40µm BSI layer (a) 200 nm (b) 150 nm (c)
60 nm (d-f) Corresponding SEM observations of defects on the sc-Si film surface

Defect analyses revealed an inverse relation between the silicon thickness and the number of defects as

presented in table 2.7. Corresponding defect mappings are presented in figure 2.46. The increase in defect

number for 150 nm can be explained by the overetch on the stack edge which led to an unusual number of

defects in this area. Figure 2.47 (a) shows an overetch after the WET etching of the BOX. This is caused by

glue thickness inhomogeneity on the wafer edges, they are visible on SAM c-scan in between the mechanical

grinding step (figure 2.47). If a 5 mm edge exclusion is applied, the decreased in defectivity with increase of

silicon thickness remains observable for these wafers.
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sc-Si film thickness (nm) Defect number (1µm threshold)

20 4238

60 2888

100 1495

150 5231

205 624

Table 2.7: Defectivity of sc-Si films transferred on a 40µm thick BSI layer for different silicon thicknesses

Figure 2.46: Defectivity map of sc-Si films transferred on a 40µm thick BSI layer for different silicon thicknesses

Figure 2.47: (a) Snapshot of a wafer overetch (b) SAM c-scan of the stack after grinding of the SOI backside down to
200µm
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2.3.2 Dry film : SPIS 21

A 205 nm thick sc-Si film was also transferred on a 60µm thick SPIS layer. The polymer was laminated on

the SOI and the bonding was performed at 100 °C. Figure 2.48 present SAM images after bonding, coarse

grinding and fine grinding.

(a) (b) (c)

Figure 2.48: SAM c-scan of the bonding interface of a bonded stacks (A4) with SPIS 21 as an adhesive. (a) After bonding
(b) After mechanical grinding of the SOI backside down to 200µm (c) After mechanical grinding of the SOI backside
down to 50µm

As with BSI, the thickness and TTV values are monitored during the two grinding steps (D and E). The

thickness profiles displayed in figure 2.49 attest that the stack present an homogeneous thickness and a

TTV low enough to be processed by industrial equipment. The TTV values were 4.3 and 3.3µm for 200 and

50µm silicon layer respectively. These values are lower than the one obtained with BSI glue.

Figure 2.49: Thickness profiles in two diameter of a 200 mm bonded stack with SPIS as an adhesive. (a) DC measurement
of the full stack thickness after coarse grinding of the SOI backside down to 200µm (b) Corresponding IR measurement
of the Bulk silicon layer (c) DC measurement of the full stack thickness after coarse grinding of the SOI backside down
to 50µm (d) Corresponding IR measurement of the Bulk silicon layer

Higher TTV can be linked to glue inhomogeneties on the wafer edges. Indeed figure 2.50 presents thick-

nesses measurement performed on BSI and SPIS after spin coating and lamination respectively. Spin coat-
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ing resulted in excess material behind present on the wafer edges whereas laminating yields a more homo-

geneous glue layer.
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Figure 2.50: Thickness profiles for SPIS after lamination and BSI glue after spin coating

WET etching of the SOI silicon backside and BOX yielded a 205 nm sc-Si film on SPIS on a rigid silicon

carrier. No cracks, undulation of delamination were observed in the sc-Si film. Moreover, there was no

overetch in the sc-Si film edge. As shown earlier in figure 2.50, laminating the SPIS allows to avoid excess in

glue thickness on the carrier edges.

Figure 2.51 presents a defect map obtained with a SP2 tool showing 327 defects with a 1µm size thresh-

old. This value is significantly lower than previous results obtained with BSI for similar thickness (624). And

the absence of overetch on the stack edge prevent abnormally high defectivity values. The absence of AS is

the case of SPIS adhesive also removed a particle contamination source.

Figure 2.51: Defectivity map of a 205 nm thick sc-Si film transferred on a SPIS layer. Detection threshold is 1µm.

The dry film can be peeled from the rigid carrier, indicating that the bonding interface is weaker than

the laminated interface (figure 2.52). However, the shear strength of the dry film is low and did not allow for

a clean peel-off of the whole 200 mm film. The SPIS offers ideal bonding properties at low temperature for

a layer transfer, but is not a suitable candidate for a standalone flexible substrate.
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Figure 2.52: Peeling of a sc-Si thin film on a 60µm thick SPIS layer. Under mechanical stress, cracks appear both in the
polymer substrate and in the sc-Si film.

2.4 Using a second polymer as a flexible substrate for silicon thin films

The two types of bonding material presented could be engineered to provide suitable properties for the

transfer of a sc-Si films of thickness ranging from 20 to 205 nm. But they are not designed to sustain high

tensile stress needed to strain significantly the sc-Si film as it will exposed in chapter 3. Rather than trying

to find a polymer that meets all those requirements (i.e., proper adherence, thermal budget and mechanical

properties), one can transfer the sc-Si film to a second polymer such as a dicing tape after the first transfer

on glue. Moreover the use of a flexible substrate with a diameter larger than 200 mm allows the use of a

DISCO metallic frame. This improve greatly the sample handling and standard metallic DISCO frame are

compatible with some EVG tools. It is a key point for a scalable process in an industrial environment.

2.4.1 Transfer onto a second polymer with chemical cleaning of the glue

For the bonded pairs B1 and B4 (i.e., where the glue is structured on the sc-Si thin and the release interface

is the one between the glue and the carrier, allowing the fabrication of a silicon on glue structure) a tape can

be laminated on the sc-Si thin film to dismount only the rigid carrier (step J1 and K1). This yielded a sc-Si

thin film encapsulated in between a glue layer and the Furukawa tape without any cracks (figure 2.53(a)).

A chemical removal of the BSI layer was performed, the result is presented in figure 2.53. Undulation and

cracks can be observed in the sc-Si layer. Argoud observed similar structure in silicon film transferred on

caoutchoutic polymer [Argoud, 2012]. The buckling of a silicon thin film on a soft substrate is well docu-

mented (see review [Wang et al., 2016]). Buckling induces wrinkles through mechanical strain mismatch

[Lin et al., 2008; Ohzono and Shimomura, 2004], thermal strain mismatch [Bowden et al., 1998; Lin and

Yang, 2007] or other methods such as surface treatments [Moon et al., 2007; Kim and Crosby, 2011]. In our

structure, the lamination of the tape onto the Si thin film could only increase the compressive stress of the

sc-Si film. The release of the strain in the tape results in a wrinkling of the Si thin film (figure 2.53 (a,b)). The

surface can be straightened by applying external tensile stress on the SOP (figure 2.53 (c,d)).

In order to increase the young modulus of the tape and avoid the apparition of cracks and undulation

during the chemical removal, Furukawa tape was exposed to a 3 J/cm2 dose of UV light (365 nm). An in-

crease in the young modulus from 34 MPa to 67 MPa was measured after exposure to UV light. And a good

quality transfer after the BSI removal was possible as illustrated in figure 2.54. The surface roughness of the

Furukawa tape, measured by a 5µm×5µm AFM scan, is 25 ±3 nm, UV exposure has no influence on this

value. It is two orders of magnitude higher than the sc-Si film initial roughness.

The same process could be applied to the stack B4 with a 60µm SPIS layer. A clean surface was difficult

to obtain as SPIS dewetted the surface under the action of the solvent of formed small polymer droplet on
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Figure 2.53: Micrograph of the 205 nm thick sc-Si film transferred onto a 230µm thick Furukawa tape. (a) With BSI glue
(40µm) on top (b,c) After stripping of the glue (d) After the stretching of the tape

Figure 2.54: A 205 nm sc-Si thin film on a Furukawa tape after exposure to a 3 J/cm2 UV dose and D-limonene cleaning
of BSI layer
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the surface (around 20µm diameter) as seen in figure 2.55. The cracks visible are due to external mechanical

stress applied to strain the sc-Si film and are not caused by the transfer process.

Figure 2.55: Micrograph of a sc-Si surface after chemical removal of a 60µm thick SPIS layer.

2.4.2 Transfer onto a second polymer without chemical cleaning of the glue

The chemical removal presented earlier allowed to keep a bonded stack designed for a transfer on glue and

to obtain a final structure with a second polymer as a flexible substrate. However the chemical removal

of the first adhesive material is time consuming and led to contamination of the sc-Si surface by organic

compounds. This is not an issue for mechanical characterization but it can prevent achieving surface spec-

ifications for direct bonding of a sc-Si thin film. Here the cases where the AS was coated on the SOI substrate

(B3 and B4) and where SPIS was laminated on the carrier (B5) will be presented. The aim was to obtain a

silicon on tape structure without relying on solvent to remove the glue from the sc-Si thin film.

2.4.2.1 BrewerBond™305-30

To obtain a release layer between the glue and the sc-Si thin film, the stack B2 was used with an AS coated

on the sc-Si thin film. For a 205 nm thick sc-Si film, a 210 °C bonding temperature and edge trimming

(step A1), no difference were observed with the results presented in section 2.3.1 until the manufacturing

of the stack H after final chemical etching of the BOX. After lamination of a Furukawa tape on the structure,

the sc-Si film could be easily dismounted from the rigid carrier and the BSI layer. A water contact angle

measurement of 105 ± 2° confirmed the presence of the AS coating on the surface of the transferred silicon

film. A snapshot of a transferred film can be observed in figure 2.56 (a), the full 200 mm film is transferred

but a visual inspection indicates the presence of cracks on the whole surface. As for chemical removal

of the glue, increasing the rigidity of the tape allowed avoiding cracks formation during the transfer on

Furukawa tape. The evolution of the tape young modulus and the peeling force which is linked to the tape

adherence energy are represented in figure 2.56(e) as a function of UV dose. The Young modulus increased

with UV dose whereas the peeling force or adherence was first decreased and then slightly increased for

higher UV doses (> 3 J/cm2, three times the manufacturer recommendation for dismounting). The decrease

in adherence energy is linked to the polymer chains reticulation under UV light exposure. The increase at

higher doses can be caused by a raise in temperature due to UV exposure [Imachi, 1986; Mizuno et al., 2005].

Nevertheless, this increase in peeling force or adherence for the tape, allowed a transfer of the full sc-Si film

onto the dicing tape without any cracks visible with an optical microscope (see snapshot in figure 2.56 (d)).

Observations at different UV doses are detailed in table 2.8 and corresponding snapshot are visible in

figures 2.56 (b,c).
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Figure 2.56: UV dose Young modulus and peel force for a Furukawa SP-537T-230 tape obtained with a Proxima tensile
stage from micromecha. Peeling speed : 30µm/s,Peeling angle : 180°. Corresponding snapshots of sc-Si film transferred
on Furukawa tape at different UV doses are presented.

UV dose (J/cm2) Transferred silicon surface (%) Cracks presence

0 100 Yes

1 50 No

2 30 No

3 100 No

Table 2.8: Observation on a sc-Si transferred from a glue layer to a Furukawa dicing tape after exposure to different UV
doses
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Further SEM observations (figure 2.57) showed that small defects can be present on the transferred

films : micrometric delaminated surfaces or cracks. But large macroscopic surfaces are transferred without

any defects as illustrated by figure 2.57.

(a) (b)

(c) (d)

[100]

Figure 2.57: SEM images of a 205 nm sc-Si film on a 230µm thick Furukawa dicing tape after UV exposure (3 J/cm2). (a)
Defect caused by delamination of the sc-Si film (b) Pristine surface (c) Crack (d) Crack detail

2.4.2.2 SPIS

As shown earlier, no AS coating is needed for a safe and easy dismounting with the use of SPIS adhesive.

To allow the mechanical transfer of the sc-Si film on a dicing tape (step K2), the stack B5 was used with

SPIS 21 as an adhesive laminated on the carrier. Until the mechanical grinding of SOI backside (step F),

no differences were observed with the results presented with the SPIS laminated on the SOI(see subsection

2.3.2). But after WET etching of the remaining 50µm of the SOI backside, numerous cracks were observed

all over the surface of the 200 mm sc-Si silicon film as seen in figure 2.58. No similar observation were made

with SPIS laminated on the SOI prior to the bonding step. Crack presence in the sc-Si film after transfer on

SPIS is dependent on which wafer the glue was laminated, even tough the resulting bonding stack is similar.

Cracks only appeared if SPIS was laminated on carrier and not on the SOI
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(a) (b) (c)

20 mm

Figure 2.58: 200 nm thick sc-Si film transfer on a 60µm thick adhesive SPIS layer using the bonding stack B5 (a) Snapshot
of a full sheet film (b,c) Micrographs of sc-Si patterns transfer with using the same process.

Several hypothesis are proposed to explain this asymmetry in the transfer process. The first one is that

the elastic energy stored in the BOX is released after silicon chemical etching (step F). The compressive

stress induced by the SmartCut™ process for SOI in the BOX is estimated to 290 MPa [Tiberj et al., 2002].

Given that the bonding interface is weaker than the lamination interface, slipping might occur between

the sc-Si film and the adhesive layer for stack B5, preventing a mechanical coupling between the adhe-

sive/carrier and the thin film/BOX. Relaxation of the oxide stress might cause the sc-Si stress to reach the

tensile strength locally, leading to crack formation.
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Figure 2.59: Weak interface position effect on the cracks presence after wet etching of the silicon backside layer

Another hypothesis is that the surface roughness of SPIS free surface is too high for the transfer of a sc-

Si thin film. Local radius of curvature might induce stress level lower than the tensile strength of the film.

Whereas the laminated surface presents a roughness more suitable for layer transfer.

To asses these hypothesis, stress measurement were performed on films after transfer. As well as transfer

on a SPIS layer who underwent a bonding to a silicon carrier to decrease the surface roughness of the glue.

The adhesive topography before and after compression of a bulk silicon wafer are presented in figure 2.60.

A significant decrease in roughness (Rq ) is observed: 27 to 10 nm. Though after transfer of the 205 nm film

on the "flattened" SPIS layer, cracks were still observed.
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(a) (b)

Figure 2.60: SPIS topography measured by a Veeco interferometer. (a) After lamination, Rq = 27 nm (b) After compres-
sion of a prime silicon wafer with a pressure of 6 kN at 80 °C, Rq = 10 nm

Results of biaxial stress measurement in 205 nm thick sc-Si films transferred on SPIS layer are presented

in figure 2.61. It appears that there was indeed a noticeable difference of stress level between the different

stacks. When the glue is laminated on the SOI, a compressive stress is observed whereas almost no stress

is present in the layer transferred after lamination on the carrier. Flattening of the SPIS layer prior to the

bonding step, induced a compressive stress similar to the one present when SPIS is laminated on SOI. But

it did not have an influence on the presence of cracks. Surface roughness does not appear to be the main

driving force for the fracture of the sc-Si film during the transfer process.
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Figure 2.61: Raman stress measurements in 205 nm thick Si layer after transfer on a 60µm SPIS layer held by a rigid
carrier.

Despite cracks formation when the bonding stack B4 is used with SPIS as an adhesive, the transfer pro-

cess K2 can still be carried on to transfer a 205 nm layer on a Furukawa dicing tape. The absence of any AS
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coating allow to obtain a silicon surface free of any coating, making any future surface preparation steps

easier. Though the presence of cracks deters the use of this transfer process for further mechanical loading.

2.4.2.3 Thermal release tape

Figure 2.62 shows that the same process (step K2) could be performed with a thermal release tape (RevAl-

pha). BSI was used as an adhesive with the AS coated on the SOI surface (stack B2). This tape presents a

higher young modulus (400 ± 50 MPa). This allows for a good quality transfer without any systematic cracks

formation. Nevertheless some cracks can still be observed on the film edges as shown in 2.62 (b).

(a) (b)

Figure 2.62: A 205 nm sc-Si layer transferred on a Thermal release double sided dicing tape (Revalpha).

The sc-Si is on the thermal release adhesive. (a) Snapshot of the transferred structure (b) Micrograph

2.4.2.4 PDMS

On the other hand, a PDMS layer was directly structured on the sc-Si layer as detailed in steps J3 and K3. BSI

was used as an adhesive with the AS coated on the SOI surface (stack B2). As expected, with the low Young

Modulus of PDMS (1-2 MPa), the transferred film is cracked, nevertheless the entire surface is transferred.

A snapshot of the transferred film is presented in figure 2.63.

Figure 2.63: (a,b)Snapshots of a 205 nm thick Si film transferred on a 3 cm thick PDMS layer (c) Micrograph of the silicon
on PDMS surface

2.4.3 Decreasing the silicon thickness with BSI as a glue

In order to transfer sc-Si film thinner than 200 nm on a second polymer, the same approach as in section

2.3 was used. SOI were oxidized, etched and then went through the transfer process, this time with the

AS on SOI and BSI on carrier. This way the weak interface is place in between the sc-Si thin film and the

glue, making the transfer from the glue to a second polymer possible without a chemical cleaning step.
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Observation of the sc-Si thin film reveals that thinner samples displayed some cracks (figure 2.64). The

micrographs are made of sc-Si pattern after transfer on BSI (stack H). No cracks were observed on film

with a 150 nm, they started appearing for a 100 nm thickness even though some patterns were pristine, and

below this thickness, all patterns were defective. The cracks are oriented along the < 100 > directions and

have a periodicity of 140 ± 20µm.

1 mm

Glue Si

20 nm 60 nm

100 nm 150 nm

[110]

Figure 2.64: Micrographs of sc-Si film of different thickness after the final etching step of the process transfer on BSI
Patterns are oriented along the [110] direction

The use of an AS coating underneath the sc-Si in this case is a source of particle contamination that

could lead to cracks apparition for lower thicknesses. But the periodicity and orientation of the cracks did

not indicate that a random distribution of particles was the main driving force for cracks presence. As with

SPIS, the weak interface has a lower mechanical coupling and caused slipping between the glue and sc-Si

film after WET etching of the remaining SOI silicon backside. The elastic energy transferred in the sc-Si

from the BOX is thus more important. Indeed, this thermal oxide has a compressive biaxial stress of around

290 MPa for a 400 nm thick BOX and a thick 205 nm top silicon layer [Tiberj et al., 2002]. As the top silicon

layer is sacrificially etched, the stress level of the BOX decreases whereas it increases in the top silicon layer.

Tiberj et al. measured an increase from 2.3 MPa to 38.5 MPa associated with a decreases from 205 nm to

17 nm in the top silicon thickness.

If the silicon film is too thin, it cannot withstand the relaxation. One solution could be to use SOI wafer

with thinner buried oxide layer. But it will affect its efficiency as an etch stop layer.

But a parallel can be made with the transfer on SPIS. For 205 nm thick sc-Si films, cracks only appeared

if the SPIS was laminated on the carrier, no AS coating was used in the stacks B4 and B5. This indicates an
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asymmetry between the bonding interface and the lamination or coating adhesive for the transfer of a thin

sc-Si film.

To validate the existence of this asymmetry in the case of the use of BSI and AS material, an additional

process was evaluated. First the AS was coated on the SOI and then the BSI was coated on top of the AS

(bonded stack B3). This caused some dewetting during the spin-coating as seen in figure 2.65. The bonding

interface needs to be monitored closely as defect can arise from the dewetted parts. Annealing the defective

stack at 150 °C for 90 min allowed to eliminate the bonding defects. Patterns of different thicknesses trans-

ferred on BSI with this stack and the stack B2 are compared in figure 2.66. Pattern of slightly better quality

are obtained with the stack B3 but cracks also start appearing for a film thickness of 100 nm. Entire flake of

silicon can be removed during the WET etching of the BOX.

This confirmed that in the case of a transfer using BSI and an AS coating, the position of the AS is de-

termining for the quality of the sc-Si film. The position of the bonding interface does not have a strong

influence and it is not worth risking bonding defects by coating BSI on AS due to dewetting of the glue

Figure 2.65: Dewetting of a 40µm BSI layer on a SOI coated with 3M novtec 2702

Figure 2.66: Micrograph of sc-Si patterns transferred on BSI (stack H) for different thicknesses and for two different
bonding stack. In both cases an AS layer is coated on the SOI. For stack B2, the BSI is coated on the carrier and on the
AS for stack B3.

No methods described above offered to transfer reliably a sc-Si film thinner than 150 nm on a glue layer

than could be then reported to a second polymer substrate without the use of a solvent. For this reason,

the optional plasma etching step was evaluated (step I). Rather than decreasing the thickness before the

transfer on glue, the top sc-Si layer was etched after the transfer on BSI using bonding stack B2(optional

step I described in section 2.1.5). To monitor the thickness of the sc-Si film on a glue layer after dry etching,

High Resolution X-Ray Diffraction (HRXRD), X-Ray Reflectivity (XRR) and ellipsometry measurement were
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performed. Examples of experimental and computed curves are presented in figure 2.67 along with ellip-

sometry theoretical and experimental curve for different silicon thicknesses. Both techniques are needed as

they both lack precision at one end of the sc-Si thickness range obtain here. Around 20 nm, fitting HRXRD

diffraction curve proved to be challenging while the thickness fringes in reflectivity curves displayed low

amplitude for 100 nm films. HRXRD gives optimum results for thickness down to 50 nm whereas thickness

fringes are more difficult to fit above 100 nm for XRR. Results of the three techniques are compared in table

2.9.

(a) (b)
Figure 2.67: (a) HRXRD ω−2θ scan of a 100 nm thick SOP (b) Ellipsometry measurement and fit of a (205±5) nm thick
SOP

Targeted thickness (nm) XRR values (nm) HRXRD values (nm) Ellipsometry values (nm)

20 22.6±6.5 25.3±8.4 20.8±7.2

100 98.2±2.1 92.7±1.8 93.6±2.0

Table 2.9: Silicon thickness measured after Plasma etching of a 205 nm thick sc-Si layer on a 40µm thick BSI layer.

The modeling of the ω− 2θ scan yields a silicon thickness of 92.8 ± 2.5 nm. Ellipsometry and X-Ray

Reflectivity (XRR) performed in the same points, gave respectively a silicon thickness of 93.6 ± 2.8 nm and

98.2 ± 2.8 nm. HRXRD is not sensible to any non-crystalline or tilted silicon layer contrary to XRR and el-

lipsometry [Bowen, 2001; Garcia-Caurel et al., 2013]. The small difference in thickness between the three

measurements indicates that only a few nm of silicon may have been damaged by the plasma etching and

that the sc-Si remained intact during the transfer process. An additional defectivity measurement was per-

formed on a full sheet wafer, a dry etching step reducing the top silicon thickness from 205 to 50 ± 2µm

induced an increase from 543 to 1916 defect number with a size threshold of 1µm. This effect is similar

for previous observation on oxidized and etched SOI (A1) transferred with bonded stack B1. In the case

of plasma etching it is unclear if the defect number increase is only due to the decrease in thickness or to

the etching process itself. Plasma etching can cause some surface modification in silicon, as an increase in

roughness[Pétri et al., 1994].

X-Ray characterization techniques allowed us to build and validate a model for ellipsometry. This al-

lowed for fast and automatic in line mapping of the silicon thickness. Figure 2.68 presents a snapshot of

a sc-Si pattern before and after plasma etching. The phase change information was really sensible to the

change of sc-Si film thickness as seen in figure 2.68. The mean square error remained significant in (82.69

160.2 and 116.3) Some inhomogeneity are confirmed by the ellipsometry measurement presented in figure

2.68 (d).

Compared to the initial sacrificial silicon etching, plasma etching after transfer on glue allowed to obtain

a crack free sc-Si film as thin as 20 nm on BSI with a AS coating between the glue and the film, allowing the
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(a) (b)

(c) (d)
Figure 2.68: (a) Snapshot of 205 nm thick sc-Si patterns transferred on BSI before dry etching (b) After dry etching
of the sc-Si layer down to (92±3) nm (c) Phase difference obtained with reflective ellipsometry on SOP with varying
thickness of sc-Si films. Dashed lines represent experimental data points and full lines the best fitting model with the
corresponding silicon thickness (d) Silicon thickness mapping obtained by ellipsometry measurement after dry etching
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transfer of the silicon film on a second flexible polymer such as a Furukawa dicing tape (figure 2.69. This

process option offered more flexibility as the sc-Si film thickness is controlled by a single step, independent

from the other transfer parameters. It comes at the cost of a loss in precision in the thickness control as

characterizing a thin film on a commercial polymer is more challenging than on a silicon oxide layer.

Figure 2.69: Micrograph of a 20 nm sc-Si film on BSI after plasma etching.

2.5 Pattern transfer

2.5.1 Effect of the transfer on pattern morphology

In order to produce SOP tensile test samples, the different transfer processes have been applied to pat-

terned SOI (step A2 or A4 as described in subsections 2.1.3.2 and 2.1.3.4). No difference were observed in

the different process options when using a pattern SOI compared to a 200 mm full sheet. Micrographs of

205 nm thick sc-Si patterns transferred on BSI and SPIS are presented in figure 2.70(a,b). Dimension and

edge definition was conserved when using either a soft or the 1X chromium mask for both adhesive and

standard lithography process (A2). Films of different thicknesses (20-205 nm) could be transferred with the

limitations presented above.

For patterns who underwent a pattern sidewall smoothing step (A4), the characteristic undercut of

anisotropic TMAH etching are still visible after transfer on BSI as seen in figure 2.70 (c,d). The complete

etching and underetch of the 1µm BOX was a concern for the transfer of the smoothed patterns. During

the etching step of the remaining silicon of the SOI backside (G), the BOX acts as etch stop. Because of the

underetch observed in figures 2.31 and 2.32, the etching solution of aqueous HF/HNO3 might be in contact

of the 205 nm silicon thin. However the observations made in figure 2.70 (c,d) indicate that it was not the

case as the dimension and geometry of the silicon patterns were conserved during the transfer process. The

high aspect ratio of silicon pattern also prevents changes of the macroscopic dimensions. Basically the AS

and BSI acted as an etch stop layer for the pattern sidewalls as presented in figure 2.71.

As full sheet films, patterns were transferred on furukawa dicing tape. A total transfer of the silicon

pattern as seen in figure 2.72. The initial edge roughness was conserved through the transfer on tape.
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Starting SOI Starting SOI

Figure 2.70: Micrographs of 205 nm thick sc-Si patterns after transfer on a polymer adhesive layer (stack H). (a) Pattern
obtained with a soft mask on a BSI layer (b) Pattern obtained with a chromium mask on a SPIS layer (c) [110] oriented
ribbon after anisotropic sidewall smoothing (A4) (d) [100] oriented ribbon after anisotropic sidewall smoothing (A4)

Glue 
SiO2 

Si (725µm)
SiO2 

Carrier (725µm)

Edge smoothed
patterned SOI

BSI and AS 
Spin coating

WET etching of
SOI bulk silicon layer 

Protected edge

BSI
AS

Figure 2.71: Schematic of a pattern during the transfer on glue after chemical isotropic sidewall smoothing

Figure 2.72: Micrograph of a 205 nm thick sc-Si pattern transferred on a 230µm thick furukawa tape. A soft mask was
used to pattern an SOI wafer prior to the transfer process.
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2.5.2 Single pattern transfer from a full size patterned wafer

Single sc-Si patterns were successfully transferred on Furukawa tape using the process described in figure

2.17. Particle contamination was an issue after several transfer. If a particle was present on the surface on

a sc-Si pattern, the Furukawa tape could not be correctly laminated, leading to a partial transfer as seen in

figure 2.73.

Figure 2.73: Transfer of a single pattern of Furukawa dicing tape from a patterned SOP, using a bonding stacks B2. After
Transfer on glue, a Kapton mask is placed on the SOP before the tape lamination.

This method allowed to fully dissociate the dimension of the polymer substrate from the mask design.

A SOP could be used with a 200 mm diameter substrate without sacrificing all patterns present on a glue

layer. This proved to be useful for the fabrication of various tensile test sample without a new mask design.

Moreover, several transfer conditions could be tested on a single wafer.

Conclusion

This chapter detailed how a sc-Si film could be transferred to various flexible polymer substrates. Different

process options were studied, in order to control dimensions of transferred films (thickness, patterns). Fi-

nally, various tensile test samples could be produced. Interface control was achieved (i.e. location of the

release weakest interface), enabling the transfer sc-Si film either on the adhesive polymer layer used during

the bonding process, or on a second polymer (tape or PDMS). Oxidation and etching of the starting sc-Si

thin film was used to transfer films down to 20 nm on BSI glue. In the case where the weakest interface of

the bonding stack is placed under the sc-Si film, cracks can appear for thicknesses lower than 100 nm with

BSI as an adhesive. In this case an additional plasma etching step yields crack free samples that can be

transferred on the desired flexible polymer substrate. In the case of pattern designed to be mechanistically

characterized, different sidewall roughness were achieved with the use of different lithography mask and

etching. The next chapter focus on the mechanical behavior of the resulting SOP.

Table 2.10 present a summary of the different process options that were exploited and the properties of

the sc-Si film during and a the end of the process.

88



CHAPTER 2. Transfer of a single crystal silicon thin film onto a flexible polymer substrate

Glue Weak interface Starting sc-Si thick-
ness (nm)

Minimum
thickness
after dry
etching (nm)

Transfer on
glue

Transfer onto a sec-
ond polymer

Glue/Carrier 205 ok (20) ok ok
(chemical cleaning)

Glue/Carrier 150, 100, 60, 20 - ok ok
(chemical cleaning)

BSI/AS AS/SOI 205 ok ok ok
(no chemical clean-
ing)

AS/SOI 150 - ok ok
(no chemical clean-
ing)

AS/SOI 100, 50, 20 - Cracked Cracked

SPIS Glue/Carrier 205 - ok ok (chemical clean-
ing)

Glue/SOI - - Cracked Cracked

Table 2.10: Results of the transfer of a sc-Si film on polymer from a SOI substrate with the different process split pre-
sented in section 2.1
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CHAPTER 3. Silicon On Polymer mechanics

Introduction

This chapter will expose the main challenges for the mechanical characterization of Silicon On Polymer

(SOP) materials and the solutions developed within the framework of this thesis. First a presentation of the

peculiarities of SOP behavior will be given along with methods used to observe them. Then a detailed study

of the samples obtained with the process described in the previous chapter will be exposed. The objective of

the experimental work presented here is to have a better understanding of the mechanical behavior of SOP

material under tensile stress. Through process tuning and reproducible tensile tests, the ultimate strength

of sc-Si thin film was improved. To do so, a framework was developed for mechanical characterization of

crystalline materials on flexible substrates. Results of the mechanical characterizations were used to tune

the strain in a sc-Si thin film, both in amplitude and orientation. An extended study of the SOP materials

also gave an overview of the different options for the next milestone of this thesis: bonding a strained sc-Si

thin film on a rigid substrate in order to impose a permanent strain.

3.1 Tensile test and strain measurements

3.1.1 Generality on tensile testing and the studied structures

Part of this work was dedicated to the study of the mechanical behavior of SOP structures. To do so, the

flexible polymer acting as the substrate is subjected to the applied external mechanical stress. Shear stress

at the polymer/silicon interface will in turn impose the deformation in the silicon film. Figure 3.1 presents

the hetero-structure that will be studied here. The product of the Young modulus (E) by the thickness is of

the same order of magnitude for both the silicon film and the polymer substrate, which means that even

though the silicon film is significantly thinner, it can be expected to have a measurable influence over the

macroscopic behavior of the structure. In terms of mechanical testing, only tensile stress could be easily

applied, given the nature of the structure. Additionally, some adjustments had to be made compared with

standard tensile test procedures, as described hereafter.

Silicon 
(E=130/169GPa) 

Flexible substrate
(E ~200 MPa)

230 µm

20-205 nm
External
stress

Film stress

Figure 3.1: Schematic of the SOP stack studied in this chapter. An external tensile stress is applied to the flexible sub-
strate

3.1.1.1 Mechanical behavior under tensile test

Tensile tests are a common way to characterize mechanical properties of materials. They are usually con-

ducted in accordance with well defined standards depending on the nature of the material like metals

[ASTM International, 2013], polymers [ISO, 2017] or ceramics and brittle materials [ASTM International,

2018].

During a tensile test, a standardized test sample is subjected to mechanical loading and its response is

recorded, usually in terms of strain, but other physical properties can be measured simultaneously. Typi-

cally, the test can be driven either by controlling the applied force (stress control) or the applied elongation

(strain control). The sample strain (ε) is usually plotted against the applied stress (σ). These parameters are

calculated from the experimental observables (force and length) using equations 3.1 and 3.2, where L0 is
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the initial sample length, L =∆L+L0 the sample length under an applied force F, and S is the initial sample

section in the direction perpendicular to the applied force.

ε= ∆L

L0
= L−L0

L0
(3.1)

σ= F

S
Pa (3.2)

L0 and L can either be defined as the distance between the tensile test apparatus clamps or in between

two given points on the sample. For example, for dog bone shaped sample, the two points are chosen on

the samples length where the section is the smallest.

Examples of typical tensile curves are given in figure 3.2. Three tensile curves are represented, each one

corresponding to a different mechanical behavior. The curve I is typical of a brittle material such as silicon,

the strain is fully elastic and no plastic deformation is observed up to the sample failure. Curves II and III are

representatives of ductile materials such as metals and polymers. Indeed, past an elastic limit, additional

stress will result in a permanent (i.e., plastic) strain of the structure. A residual strain is observed for plastic

deformation even after the external stress is removed.

Different parameters can be extracted from these curves:

• σm : maximum tensile stress recorded in extending the test piece to a breaking point.

• εm : strain corresponding to σm

• σb : tensile stress at the moment of the rupture, it can be different from σm

• εb : strain corresponding to σb

• σy : Tensile stress at yield, it is the stress at the point at which an increase in strain occurs without

an increase in stress for rubber material or when a plastic deformation can be observed in metallic

material.

• εy : strain corresponding to σy

• E: Elastic modulus, the slope of the line between the origin and the point defined by ε= εy andσ=σy .

Additional parameters can be extracted from tensile curves of metallic materials such as true strain or ab-

sorbed energy.
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Figure 3.2: Example of tensile curves for different types of mechanical response. Curve I, II, III are representative of
brittle materials, metals and polymers, respectively

The present work is focused on a heterostructure composed of a polymer bonded to a brittle semi-

conductor single crystal, thus with very different mechanical behaviors. The polymers used in this study

typically show a plastic behavior, whose origin lies in the polymer chains reorganization along the direction

of the tensile stress [Lin and Argon, 1994]. For brittle material such as silicon, no plastic deformation is ob-

served in macroscopic test pieces. In crystalline or polycrystalline materials, plasticity is usually linked to a

high density of dislocations with a high mobility, as typically observed in metals. In a crystal, a dislocation

can be seen as a stacking fault in the otherwise perfect atomic arrangement. Two types of perfect disloca-

tions (a pure screw dislocation and a 60◦ dislocation) were thus described in the diamond lattice of silicon,

where the slip plane is {111} and the slip direction is invariably < 110 > [Anderson et al., 2017; Hornstra,

1958] It is also worth noting that the single crystal silicon wafers used in this study have an extremely low

initial density of dislocations (i.e., comparable to bulk value).

3.1.1.2 The Silicon on polymer case

As presented earlier, a silicon film and a polymer substrate have widely different mechanical behavior. One

is a brittle semiconductor whereas the other is a visco-elastic polymer. On the one hand, a sc-Si film shows

a dominant elastic behavior. It can thus be modeled by an ideal spring with a KSi ,hkl spring constant that

depends on the hkl crystal orientation. On the other hand, the polymer mechanical response is time de-

pendent. Under constant applied strain, the stress will relax (and typically decrease), whereas at constant

applied stress, creeping will occur (i.e. strain will slowly increase).

For a uniaxial tensile test, the set-up is represented in figure 3.3. The sample can be divided in three

parts :

• Two silicon-free parts near the clamps. The clamps could not be placed directly on the sc-Si film to

avoid any damage from the clamp contact. Only the polymer substrate is put under tension in these

areas.

• A cracked silicon area. Preexisting cracks could be present in the sc-Si film due to the fabrication

process or sample handling. They could also appear during the tensile test. At these cracks locations,

tensile stress is only imposed on the polymer substrate. These cracked areas can be assimilated to the

silicon-free substrate present near the clamps.
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• The rest of the sample is the polymer substrate covered by a sc-Si layer. Assuming a perfect mechani-

cal coupling between the Si and the polymer, the strain of both materials will be equal in both layers.

Flexible polymer substrate

Silicon

Fixed clamp

Mobile clamp

Silicon free substrate

Cracked Si film

Force/displacement sensor

Figure 3.3: Schematic of a uniaxial tensile test set-up for a SOP sample with the illustration of parts with different
mechanical behavior

The whole sample can be modeled using the Standard Linear Solid Model (SLSM). A schematic Maxwell

representation of the model is presented in figure 3.4. It is composed of a spring connected in series to a

damper with another spring in parallel.

EI

EII

η

σ(t)

l0 Δl(t)
Figure 3.4: Maxwell schematic representation of the SLSM

Springs display a pure elastic response with σ = Eε where σ is the stress, ε the strain and E the Young

modulus or elastic constant. The damper mechanical response is time dependent as described by equation

3.3.

σd = ηdεd

d t
(3.3)

With σd and εd being the stress and strain of the damper and η its viscosity. From this, the constitutive

equations of the SLSM can be derived:

σII = EIIε and σI + η

EI
σ̇I = ηε̇ (3.4)

With σ(t ) = σI +σII and in the case of stress relaxation at constant strain ε0 the stress evolution can be

defined by equation 3.5 [Roylance, 2001].

σ(t ) =
(
EII +EIe

− t
τ1

)
ε0 (3.5)

With τ1 = c1/E1 the relaxation time.
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In the case of creeping at constant stress σ0, the strain is expressed by equation 3.6:

ε(t ) = σ0

Ee

(
1− E1

E1 +Ee
·e

− t
τ2

)
(3.6)

With τ2 = η (E1+Ee )
E1Ee

and ε(t ) = ∆l (t )
l0

In the SOP case, the resulting tensile curve will be similar to the one obtained for a visco-elastic mate-

rial. However a stress/strain curve issued from a tensile stage sensors would not give specific information

from the silicon layer, which is the point of interest in the SOP structure. In order to have access to infor-

mation about the local stress and strain in the sc-Si film, additional characterizations had to be performed

during tensile tests (XRD and Raman spectroscopy, see subsections 3.1.4 and 3.1.5 as well as annex A). A

stress/strain curve plotted with the local information obtained with these methods would be linear by def-

inition as the strain measured is purely elastic and the stress is obtained through Hooke’s law (as the local

stress cannot be accessed directly). This is why the local silicon strain is represented as a function of macro-

scopic strain (or total sample strain). As illustrated in figure 3.5, such a tensile curve can be divided in

several zones depending on the evolution of the curve second derivative:

• Tensioning zone: the SOP sample is not initially taut after installation in the tensile stage clamps.

Some undulation or misalignment of the substrate might also increase the range of this zone. This

cause an offset between the increase of macroscopic strain and local silicon strain values. Absolute

macroscopic strain value is not essential for the work presented here but one could propose a pre

tensioning apparatus to reduce any incertitude arising from this phenomena.

• Linear zone: the relaxation rate of the polymer substrate is negligible for low strain values. The ratio

between local and macroscopic strain is constant as the deformation is fully elastic. From this zone,

a strain ratio can be extracted to describe the coupling between the substrate and the sc-Si film. The

Young modulus of the whole sample can also be computed from this zone.

• Substrate relaxation and silicon fracture: the separation is not clear between this two areas. At higher

strain, relaxation in silicon free substrate was significant, causing the local silicon strain to increase

at a lower rate than macroscopic strain. Cracks apparition in the sc-Si film has a similar influence on

the tensile curve slope. Discrimination between the two phenomena is made possible with a full field

observation (e.g., an optical microscope coupled or not with a Digital Image Correlation (DIC) set-up)
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Figure 3.5: Typical mechanical behaviors for a SOP sample under uniaxial tensile stress. Different parts of the curve can
be identified based on the second derivative.

3.1.2 Tensile stages used for Silicon On Polymer characterization

3.1.2.1 Uniaxial tensile stage

To apply a unxial stress along a sample long axis, a unixial tensile stage adapted to the sample dimen-

sion was used (Proxima, MicroMecha company) and its specifications are presented in table 3.1. Samples

can be placed horizontally or at a 40° for Micro Laue X-ray Diffraction. Standard sample dimensions are

10 mm×40 mm for the polymer and 2 mm×24 mm for the sc-Si Thin film. A snapshot of the MicroMecha

tensile stage mounted on manual xy stage under a confocal Raman spectrometer is presented in figure 3.6.

Standard dog bone shaped sample were not used for the polymer substrate. Indeed the area of interest is

the Silicon covered rectangle, so extra stress concentration wasn’t needed in the polymer. Furthermore it

made the cutting process easier and avoided any local stress concentration in sharp corners which can be

problematic for high aspect ratio substrate.

Tensile stage

Confocal microscope

xy stage

Figure 3.6: Micromecha tensile staged mounted under a Horiba LabRam HR Raman spectrometer

The tensile stage is connected to a control panel. Force and displacement values are recorded at a fre-

quency of 1 Hz with a 50 N load cell and an optical encoder respectively. The displacement speed was set

to 2µm/s for step by step tensile tests and 0.2µm/s for continuous measurements. A calibration procedure
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is carried out at the beginning of each recording to reset the reference point of the force and displacement

sensors.

Property Value

Displacement range 15 mm

Displacement resolution 20 nm

Clamped sample length 2×8 mm

Sample width 10 mm

Force Sensor range 50 N

Force Sensor resolution 0.25 N

Minimum/maximum speed 0.1-30µm/s

Table 3.1: Specification of the Proxima uniaxial tensile stage from Micromecha

3.1.2.2 Bulge test

The proxima tensile stage offered a precise tool for tensile test but does not have sufficient capacity for wide

range biaxial tensile test.

Here, we also used a simple, cost effective and scalable technique to induce biaxial strain in our sam-

ples, namely the bulge test.

The bulge test stage is composed of a circular pressurized chamber closed by the tightly clamped SOP struc-

ture. A general schematic of the set-up is presented in figure 3.7, two sizes of stage were used with an inter-

nal diameter of 20 or 30 mm.

0
±h0

0

h

ZZ

Patm

P>Patm

Gaz

Confocal microscope

sc-Si film

Polymer substrate

Cap

Bulge test stage

Gaz valve

2a

Figure 3.7: Schematic of a bulge test apparatus before and after the application of gas pressure into the chamber. The
distance between the microscope objective and the silicon surface is fixed. The microscope is mounted on a vertically
motorized stage

The height of the bulge is obtained with a confocal microscope, from this value, the biaxial strain in the

central area can be derived from the equation 3.7 [Small and Nix, 1992; Tsakalakos, 1981]. With a the bulge

radius, h the bulge height, h0 the initial bulge height relative to the theoretic taut surface. The pressured

chamber was connected to a dry air network with a manometer that allowed control of pressure with a

precision of 0.1 bar

ε= 2

3a2 (h2 −h2
0) (3.7)

An experimental challenge relies in the precise determination of the origin of h and h0. Wrinkles in the flex-

ible substrate can prevent its measurement. An uncertainty arises from this parameter as a perfectly taut

sample is almost impossible to obtain, though one could envision adding complex surface flatness mea-

surement techniques, e.g. using light reflection on the silicon. h0 is estimated to be lower than 0.5 mm
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Alternatively, the pressure can be deduced from the bulge height as presented in equation 3.8.

P = 8Yt

3a4 h3 (3.8)

Where t is the film thickness, P the pressure, Y the biaxial modulus define as E/(1−ν) and ν the Poisson’s

ratio.

From theses equations, calibration curves were established to estimate the expected strain and bulge

height from the applied pressure. These curves are presented in figure 3.8 for our experimental parameters

(a = 5 mm, t = 230µm, v = 0.3 and E=70 MPa )

(a) (b)
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Figure 3.8: Theoretical bulge parameters (a) Strain as a function of bulge height for different height offsets (b) Strain as
a function of pressure for different height offsets (a = 15 mm, t = 230µm, v = 0.3, E = 70 MPa)

The strain polar components are given in equation 3.9.

εξ = ε εφ = ε
[

1− r

a

(1−ν)/ν
]

(3.9)

With ε as the bulge biaxial strain given by equation 3.7, εξ the radial strain component and εφ the tangential

strain component. The radial strain component remains constant on the full bulge radius but the tangential

component only reaches its maximum value (εξ or ε) for r = 0. It implies that only the bulge center is under

pure biaxial stress [Tsakalakos, 1981]. So mapping of a small surface were performed around samples center

(i.e., ± 0.5 mm).

3.1.2.3 Biaxial tensile stage

Measurements were performed on the biaxial tensile stage developed by Geandier et al. for the DiffAbs

beamline at SOLEIL synchrotron. These measurement were done in collaboration with P.O. Renault and T.

Chommaux from Poitier university and D. Thiaudière from SOLEIL synchrotron. This stage allows one to

obtain a flat and homogeneous macroscopic surface under biaxial stress. A snapshot of the experimental

set-up is presented in figure 3.9. The machine is 19 cm×19 cm×8.5 cm in size with an empty center and is

designed to allow x-ray diffraction at glancing angles with no shadowing edges. Two couples of motors and

force sensors are fixed to the device frame. The four motors can be actuated separately in order to keep the

studied area at a fixed position in the goniometer. The load cells have a 200 N range. The optical microscope

is composed of a telecentric lens and a CCD detector. It prevents any measurement artifact due to change

in focal height. The size of the region of interest at the sample surface is 18 mm×12.6 mm [Geandier et al.,

2010]. Digital Image Correlation (DIC) is used to measure in-plane displacement fields of the substrate

and to evaluate the average in-plane strains. It consists in registering pictures at different loading steps.

101



CHAPTER 3. Silicon On Polymer mechanics

Speckles of white paint are used as visual markers on the sample surfaces to compute the displacement

field from the optical microscope images. A global approach to DIC is used. A discretized displacement

field is measured with a finite element mesh made of four-noded elements with a bilinear displacement

interpolation [Besnard et al., 2006]. More detailed explanations about this technique are given in annex A.3.

X-ray source

2D detector

6+2 circles diffractometer

Tensile stage Thin film

Optical 
microscope

Figure 3.9: Snapshop of the Biaxial tensile stage installed on the DiffAbs beamline at SOLEIL synchrotron

3.1.3 Samples for tensile test

3.1.3.1 Geometry

The different geometries for tensile test samples are represented in figure 3.10. Three types of substrate

shapes were used, ribbons for uniaxial tensile test, disks for bulge tests and cross for biaxial tensile tests.

The fabrication process is described in the chapter 2 section 2.5. For practical reasons, ribbons shaped

silicon patterns were also used for bulge test or biaxial tensile tests, the substrate was simply cut to the

desired shape (disk or cross) around the centered pattern. The cutting of the sample was always performed

on silicon free substrate to avoid fracture initiation.
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Figure 3.10: Top view schematics of the tensile test sample used for the mechanical characterization of SOP materials.
All dimensions are given in mm. (a) uniaxial tensile test, the silicon present a (001) orientation normal to the surface
and the long axis of the sample can either be < 100 > or < 110 > direction. (b) Disks used for bulge tests, ribbons shaped
silicon can also be used with the substrate cut this way (c) Biaxial tensile test sample designed for the stage installed on
DiffAbs beamline at SOLEIL synchrotron. Silicon ribbons were also transferred on cross shaped substrate.

3.1.3.2 Synchrotron beam damage

During synchrotron experiment, beam damage could also be observed on the surface on the free surface of

the sc-Si film using a white beam on beamline BM32. Figure 3.11 presents a post mortem micrograph of a

sample after X-ray irradiation and tensile test. Surface damages can clearly be observed where acquisition

were made. They caused a loss of the diffracted signal in the probed area. The nature of the damages is still

unknown as further SEM observation were challenging on this kind of stack. A nitrogen flow on the sample

surface did not solve this issue. The solution was to encapsulate the silicon layer with a second layer of

Furukawa adhesive tape (230µm thick). This prevented further beam damages and signal loss during long

acquisition in a single point (i.e., longer than 10 s)

Linear scanning

2D mapping

Figure 3.11: Beam damages caused by the exposition of the free surface of a SOP sample to a poly-chromatic X-ray beam
(5 keV to 25 keV)
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3.1.4 Raman spectroscopy

The theory of strain characterization in silicon when using Raman spectroscopy is detailed in chapter 1.

Experimentally, the displacement of the silicon LO phonon scattering is measured. The nature of the stress

has to be known to use the right coefficient in equation 3.10.

∆ω= bε (3.10)

Where∆ω is the silicon raman peak displacement, b the strain/shift coefficient and ε the silicon local strain.

The values of b used in this work were b[100] = −260 cm−1 [Wolf, 1996], b[110] = −336 cm−1 [Peng et al.,

2009]and bbi ax = −733 cm−1 [Peng et al., 2009] for respectively uniaxial strain along [100] crystal axis, uni-

axial strain along [110] crystal axis and biaxial strain in the (001) plane.

The Raman spectrometer used here is a Horiba LabRam HR paired to a HeNe Laser (632.8 nm, 17 mW).

Hole and slit size are respectively 100 and 200µm to achieve a confocal beam, the vertical resolution is 2µm

while the lateral resolution is 1µm. A 100x objective is used. The Raman is equipped with a motorized

stage (50×70×4 mm), but it can not be used with the tensile stage due to weight limitation. The staged

was placed on a manual xy stage while the motorized stage was only used for static measurements (e.g.,

mapping of rigid sample). Schematic and snapshot of the set-up are visible in figures 3.12 and 3.6.

Figure 3.12: Schematic of the coupling of a Raman spectrometer and a uniaxial tensile stage for SOP mechanical testing

After and before each sample, a bulk silicon reference sample was measured to determine the position of

the main silicon Raman peak at around 520.7 cm−1. High laser power can induce thermal strain in thin films

during Raman measurement [Wolf, 1996]. Induced Raman shift caused by this thermal strain is dependent

of the thin film thickness and nature of the substrate. Figure 3.13 presents the calibration curves used

to choose the optimal filter to limit the thermal strain while keeping a maximum Signal to Noise Ratio

(SNR). For silicon films between 205 and 100 nm thick, a 1.7 mW laser power was chosen (10% of the laser

nominal power). The induced thermal shift was less than 0.1 cm−1. For lower thicknesses or fast acquisition

a 4.25 mW power was used. It implied a noticeable thermal shift that was corrected thanks to the calibration

curves. Several accumulation of the Raman signal have to be made in order to remove spikes from the signal

and obtain a smoother mean response.
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Figure 3.13: Raman shift as a function of laser power for different sc-Si film thickness, (a) with Furukawa dicing tape as
a substrate, (b) with BSI glue as a substrate.

From an experimental point of view, the analysis of Raman spectrum can be decomposed in several

steps:

• Fitting the Raman spectrum of the sample as well as the initial and final reference spectra. Peaks are

fitted with a Lorentzian function using a least square method. Peak position, FWHM and intensity are

extracted.

• Peak position is adjusted thanks to the initial an final reference, assuming a linear drift, as detailed in

equation 3.11:

ω′ =ω+ (t − ti )x
(ω f −ωi )

(t f − ti )
(3.11)

Where ω′ is the calibrated peak position, ωi the initial reference silicon peak position, ω f the final

reference silicon peak position, t the absolute time at which the sample was measured, ti and t f the

time at which the initial and final reference were measured. This step is essential to limit the uncer-

tainty arising from temperature variations in the laboratory and thermalisation of the spectrometer.

During the hottest months and even with a temperature control system, up to 0.1 cm−1 shift could be

measured for the reference sample on a couple hours range.

• Peak position is also adjusted according to the corresponding thermal stress. ω′′ =ω′+ f (tSi ,ωl aser )

where ω is the final silicon Raman shift tsi is the silicon film thickness and ωl aser the laser power

usually expressed in a percentage of the nominal power. For this task, the data are obtained from

calibration curves shown in figure 3.13.

• Knowing the silicon crystal orientation, type of stress (uniaxial or biaxial) and stress orientation, the

stress and strain value are calculated from the Raman peak shift (ω′′). Corresponding coefficient are

presented in chapter 1.

Given the simplicity of the signal and the large number of spectrum to analyze, a python script was de-

veloped to automate the task. The source code is available on GitHub [Michaud et al., 2019]. A flow chart

of the program is displayed in figure 3.14. The use of a python program allowed for a smooth access to the

meta-data written in the files containing the Raman spectrum. It enables a fast analysis of dimensional scan

(i.e., time scan, z-axis scan or x-y mapping) in environment adapted to the handling of such multidimen-

sional data set.
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Figure 3.14: Flow chart of the python script developed to parse, fit and analyze silicon Raman spectra. An initial ref-
erence, a final reference and sample spectrum(s) are input as well as stress configuration, crystal orientation and laser
power. The final object contains silicon strain, stress and Raman peak FWHM in addition to the raw data and files
header
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3.1.5 X-ray diffraction

Local strain was probed using two different X-ray diffraction methods, either monochromatic XRD (DiffAbs,

SOLEIL synchrotron), or Micro Laue X-ray Diffraction (BM32, European Synchrotron Radiation Facility).

The theoretical framework of each method is developed in annex A.2. In this chapter only the experimental

set-up and data processing are detailed.

3.1.5.1 monochromatic synchrotron XRD

A 6-circle goniometer allows one to access many Bragg peaks, especially since the tensile stage used there

is designed to avoid shadowing at grazing angles. A 2D imXPAD s140 detector is used to performed rocking

curve around Bragg’s positions. The beam energy is set to 18 keV using monochromators. Rocking curves

are performed to determine the 2θ angular position of the 0 0 4, 0 0 8 and 0 0 12 reflections of the silicon

film. The lattice parameter c of (001) plane can be calculated with Bragg’s law and the experimental 2θ peak

position as detailed in equations 3.12 and 3.13.

d00l =
λ

2si n(θ)
(3.12)

c = d00l l (3.13)

The corresponding strain is computed ε33 = c
c0

with c0 =5.431020 Å the relaxed silicon lattice parameter.

With the hypothesis of a pure biaxial stress (σ11 =σ22 =σ|| and σ33 = 0) and using generalized Hooke’s law,

the in plane strain component ε|| can be expressed by equation 3.14:

ε|| = ε11 = ε22 =−c11ε33

2c12
(3.14)

Where ε11, ε22 and ε33 are the diagonal strain tensor component in the crystal reference frame. c11 =

165.5 GPa and c12 = 63.9 GPa are silicon elastic constants [Hopcroft et al., 2010].

3.1.5.2 Micro Laue X-ray Diffraction

The Micro Laue X-ray Diffraction experiments were performed on BM32 beamline at European Synchrotron

Radiation Facility Ulrich et al. [2011]. The schematic in figure 3.15 presents the beamline with two different

tensile stages. The source of the beamline is a bending magnet that generates a white X-ray beam over

the 5-25 keV energy range. The beam is focused down to 500 x 500 nm2 at the sample position (the silicon

surface) using elliptical mirrors. The sample stages are tilted at 40° and the Laue patterns were collected

on a sCMOS camera located 77 mm above the sample (2016×2018 pixels, 73.4µm square pixel size). The

position of the test sample at the X-ray focal spot was controlled using a secondary optical microscope with

a narrow focus aligned on that of the X-ray mirrors. A snapshot of the installation is presented in figure 3.16

The geometry of the setup was calibrated using a standard Ge sample and the collected Laue patterns were

processed using the software suite LaueTools Micha and Robach [2020].
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Figure 3.15: Schematic of BM32 beamline at ESRF for µLaue experiment coupled with tensile stages
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Figure 3.16: Snapshot of BM32 beamline (ESRF) set up used to perform tensile tests on SOP materials while probing the
local silicon strain with µLaue an optical microscope
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Given the visco-elastic mechanical behavior of the SOP structure, long acquisition time can results in

loss of focus, stress relaxation or creeping in the polymer substrate. To avoid those issues and perform

precise strain mapping, single point acquisition time had to be minimal, forbidding long signal integra-

tion to observe weak intensity diffraction peaks. Silicon being a relatively light element, with thicknesses of

205 nm and lower, the SNR can be low and caused difficulty for fast and automated data processing. To ad-

dress these problems, an image processing work flow was used as detailed in figure 3.17. Region Of Interest

(ROI) are defined around expected peak position in the Laue diffraction pattern. The single crystal nature

of the films implies that peaks will only shift around their initial position under strain or small rotation due

to local curvature. There was no need to search for an entirely different Laue pattern between two frames

which greatly reduce processing time and errors.

N raw Laue Pattern

Background extraction

Signal

sum

Background 

substraction

Definition of ROI
around peak position

Background substraction
and ROI selection on Raw images

Figure 3.17: Image processing flow chart for silicon Laue diagram obtained from a (001) oriented thin film.

First the signal background is extracted from the full images set and subtracted to the image sum. This
allows one to determine the Region Of Interest (ROI) where peaks are positioned on the Laue pattern.
Finally, the signal background is removed from individual images as well as any experimental artifact

outside of the previously defined ROI.

As detailed in chapter 1, µLaue provides a measurement of the deviatoric strain tensor as well as the

three Euler angles describing the crystal orientation without any a priori knowledge. Experimentally, peaks

are first fitted and their position converted to angular coordinates. There are next indexed to extract the

different lattice properties. Figure 3.18 details the workflow to extract a deviatoric strain tensor from an

experimental Laue diffraction pattern.

Processed diffraction
pattern Peak search

Peak list 
detector referential

Detector calibration 
file

Peak list 
Angular coordinates

Indexation parameter
X-ray energy
Material
Guessed orientation

Refined crystal
 properties

Orientation matrix
Strain
Lattice parameter

Coordinate 
change

Peak indexation

Figure 3.18: Flow chart of the process to extract crystal properties from a 2D Laue diffraction pattern using the soft-
ware suite LaueTools Micha and Robach [2020, 2015]. After image processing of raw diffraction image, peaks are fitted
with two dimensional Gaussian functions and there positions on the detector extracted. The calibration of the detector
allows to convert these positions in angular coordinates. From this theoretical peak positions are fitted to the experi-
mental values order to determine the crystal lattice parameter, angles and orientation.

3.1.6 Data analysis and acquisition strategy

As reported earlier, the mechanical behavior of a SOP structure can be modeled using the SLSM used for

visco-elastic behavior. This calls for an adequate data acquisition strategy. Two parameters have to be taken

into accounts :
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• The sample surface height. Both µLaue and Raman spectroscopy relies on the surface being on focus.

Working with a flexible substrate implies surface height variation if the sample is not taut. For bulge

test, creeping occurred at a given pressure, increasing the surface height with time (1.0µm/min and

2.2µm/min for a 20 mm diameter bulge sample at respectively 0.2 bar and 0.5 bar).

• Stress relaxation at a given strain. For Furukawa tape the characteristic time was estimated to (103±10) s.

Many parameter can influence this metric. Three times the given value was used to obtain a stable

stress in the sample during tensile tests.

From these observations, two strategies can be adopted, either in "stop and go" or "continuous" mode.

3.1.6.1 "stop and go" acquistions

In "stop and go", the macroscopic strain is increased step by step, while allowing the sample to relax before

performing long acquisitions. The displacement steps were 50µm, i.e. around 0.2 % macroscopic strain

and separate by at least 2 minutes. Figure 3.19 (a) shows the stress as a function of time during mapping of

a uniaxial tensile test sample. The graphs of figure 3.19 is the detailed of the relaxation of the second step

of the left curve. After fitting a function corresponding to the SLSM (see equation 3.5), the corresponding

relaxation time τσ can be extracted. This strategy was used for long acquisition like µLaue strain mapping

or with thinner sample where integration is crucial (with Raman spectroscopy or µLaue).
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Figure 3.19: Uniaxial sample stress as a function of time, obtained during a step by step strain mapping of a SOP tensile
sample. (a) Several steps (b) Detail of the second step, time offset is removed from the x-axis

3.1.6.2 "continuous" acquisitions

Another strategy was to do shorter acquisition in order to perform a continuous tensile test. The displace-

ment speed was set to 0.2µm/s. This technique was particularly suited for the Raman set-up where the

absence of motorized stage only allowed for single point measurement. Moreover, an auto-focus routine

was used to prevent any artifact due to loss of surface focus. Displacement speed was set to 0.2µm/s while

a Raman spectrum was recorded every 20 s, i.e. during the integration time the sample was elongated by

4µm and strained by about 0.02%. An additional python parser, coupled to the one described in figure 3.14

allowed to match data from the tensile stage sensor with the information extracted from the Raman spectra

Michaud et al. [2019].

3.2 Mechanical behavior

Sample, stages and the methods described above allowed for a detailed study of the mechanical behavior

of the various samples produced using the process presented in chapter 2. First a general overview of SOP
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experimental tensile curves will be given as well as an evaluation of the possibilities achievable by the dif-

ferent tensile stage used in this work. Then the influence of different parameters (silicon thickness, crystal

orientation, pattern edge definition) on the mechanical response of such materials will be detailed.

3.2.1 SOP : a composite material

3.2.1.1 Uniaxial testing

A uniaxial tensile test performed on a 205 nm thick sc-Si film on a 40µm thick BSI layer is used as an intro-

duction to the analysis of experimental tensile curves obtained for SOP material. Figure 3.20 presents the

resulting tensile curve. The stress is applied along the long axis of the sample corresponding to a < 110 >
direction in th sc-Si film. Strain along a < 110 > direction was extracted from Raman measurements, as

well as the Raman peak FWHM. They are plotted against the macroscopic strain in figure 3.20. We note

that an initial compressive strain is observed in the sc-Si film. This is explained by the difference between

the coefficient of thermal expansion of silicon and of the glue. These two materials are bonded at 210 °C,

thus cooling the assembly results in compression and tension in the silicon and the polymer, respectively

as detailed in chapter 2. As the macroscopic strain increases, the strain in the sc-Si film also increases with a

sub-linear relationship (εSi =−0.20ε2
macr o +0.64εmacr o −0.14, R2 = 0.9985 ) up to a maximum macroscopic

strain of 1.5 % and the brittle fracture of the glue. The 0.64 coefficient indicates that silicon strain is always

smaller than the macroscopic strain due to the presence of small, silicon-free surfaces between the silicon

pattern and the tensile stage clamps. It is unknown if sliding of the silicon film is occurring at the polymer

interface. A local measurement of the substrate strain at a microscopic scale is needed to rule out this pos-

sibility. In the case of a Cu/W nanocomposite film on a Kapton substrate, Djaziri et al. used Digital Image

Correlation and XRD to show that locally the strain of a substrate and film strain were matching to within

1×10−4 in the domain of small elastic deformation (i.e., less than 0.3 %). So although it is highly possible

that no gliding is taking place in between the glue and the silicon, further characterization are needed in

the case of the SOP structure studied here.

The good linearity up to about 0.5 % macroscopic strain indicates a quasi-elastic behavior. Above 0.5 %

the silicon strain increases slower and slower compared to the macroscopic strain. Silicon free areas display

a more ductile behavior and a higher strain than the silicon covered part. The Raman FWHM does not

change with strain over the whole testing range, indicating that the local silicon crystal quality is unchanged.

The maximum macroscopic strain of 1.5% limited by the glue mechanical failure shows that despite its good

adhesion to silicon, the glue is not suitable to achieve large strain amplitude due to its brittle behavior and

the maximum local silicon strain is limited to about 0.36 %. It justifies the need to be able to transfer a sc-Si

film on a second polymer, more suitable for tensile loading than BSI glue. Tensile test were not performed

on silicon on SPIS samples as the dry film was prone to shear fracture even during manual peeling from a

rigid silicon carrier.
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Figure 3.20: Tensile test curve of a 205 nm thick sc-Si on a 40µm thick BSI layer. The pattern is 2 mm wide, oriented
along a < 110 > direction and was obtained after patterning a SOI with the use of a soft lithography mask. Silicon strain
is obtained with Raman spectroscopy and the macroscopic strain with a displacement sensor embedded in the tensile
stage. The test was ended when cracks made signal acquisition too difficult and prevented any increase in local silicon
strain.

Figure 3.21 presents the results of uniaxial tensile tests performed on Furukawa and BSI blank sample

(i.e. without Si). Here the BSI sample fracture occurred at 3.6 % strain, in the sample center. It displayed

an elastic modulus one order of magnitude higher than the one of Furukawa (1.6 GPa for BSI and 0.2 GPa

for Furukawa). On the other hand, Furukawa tape presents a maximum strain larger than 10%. For a SOP

structure with a ratio of local strain to macroscopic strain around 0.5, the expected maximum local silicon

strain can be achieved before the breaking of the substrate. So despite its lower rigidity, Furukawa was

choosen as a substrate for high strain application. The contribution of the silicon layer to the macroscopic

mechanical properties is more important as the ratio ESi∗tSi
ESubstr ate∗tsubstr ate

is increased. ESi and Esubstr ate are

the elastic modulus for respectively the silicon film and substrate, and tSi and tsubtr ate the corresponding

thicknesses.

0 2 4 6 8 10
Strain (%)

0
5

10
15
20
25
30

St
re

ss
 (M

Pa
)

Sample rupture

BSI
Furukawa

Figure 3.21: Uniaxial tensile curve for BSI and Furukawa blank sample (2 mm initial width in the sample center and
24 mm length

Uniaxial tensile tests were performed on a 205 nm thick sc-Si thin film transferred on tape. Strain tensor

components were measured using µLaue in silicon-on-tape samples as well as uniaxial strain along along

a < 110 > direction using Raman spectroscopy. The Furukawa tape did not reach rupture over the whole

testing range. The strain along the stress direction measured using µLaue is reported against the macro-

scopic strain in figure 3.22 (a), alongside similar measurements obtained using Raman spectroscopy. For

both curves, an initial linear zone is present. The ratio 1:2 between the slopes in the elastic regime for both

samples stems from the sample dimension (Si film width = 1 mm and 2 mm for Raman and µLaue respec-
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tively). A decrease in the curve derivative is observed above 2% macroscopic strain, indicating the onset of

plasticity in the substrate and apparition of cracks in the Si thin film. A strain offset is observed, similar to

the silicon on glue sample. This is due to the tape being laminated on the silicon while it is still in a com-

pressive state on the glue (figure 2.14, step J1). Additionally, the tape is laminated which also introduces a

(uniaxial) tensile strain. A 1.5% maximum uniaxial strain is reached in the silicon film. Above this point, no

further increase in macroscopic strain can compensate the strain relaxation in the silicon layer due to crack

apparition. Furthermore signal acquisition is more and more difficult. This increase in the maximum strain

reached in the silicon, compared to the results presented before (figure 3.21), validate the use of Furukawa

tape over BSI for tensile tests.

(a) (b)

Figure 3.22: (a) Uniaxial strain along< 110 > for two samples. The local silicon strain is obtained by Raman spectroscopy
andµLaue. TheµLaue sample is 2 mm wide and the Raman sample is 1 mm wide.(b) Diagonal components of the strain
tensor along the canonical crystal axis of a 205 nm silicon on tape sample, lines are guides for the eye.

The canonical strain components are also extracted from µLaue measurements Their evolution against

macroscopic strain is presented in figure 3.22(b). Their evolution during the tensile test shows that the

principal stress is applied almost along the <110> direction, with a small average angle difference θe f f of

4.6° in the (001) plane as illustrated in figure 3.23. This value is obtained by diagonalizing the stress tensor

expressed in the crystal reference frame, i.e. θe f f represents the angle between the eigenvector of the stress

tensor in the crystal reference frame and the [110] direction. The θe f f angle is due to misalignment during

the photolithography process, cutting of the samples, miscut during the SOI fabrication process and align-

ment on the tensile stage. In figure 3.22, all component cancel out at about 0.5 % macroscopic strain and

vary linearly between 0 % and 2 % macroscopic strain. They reach a plateau at larger macroscopic strain

values.
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Figure 3.23: Schematic of a uniaxial tensile test on a < 110 > oriented silicon ribbon on a flexible substrate.

θe f f is the misalignment between the [110] silicon direction and the principal direction of stress in the
silicon crystal in the (001) silicon plane. It can be obtained from µLaue measurements

Previous µLaue results showed that a uniaxial strain can be applied in a SOP structure with a tensile

stage, confirming the use of adequate strain/shift Raman coefficient. However those measurements were

performed on a single point. Strain mapping were obtained usingµLaue during a tensile test to evaluate the

homogeneity of the strain over the macroscopic sample surface. Initial state of the Si thin film strain tensor

over a 2200µm×2200µm surface is shown is figure 3.24. The external stress is applied along the y-axis of the

sample ([1,10] crystal direction). Both εxx and εy y component are negative as the transferred film was ini-

tially compressed in the (001) plane. However, εy y > εxx since the film needs to be under a minimal tensile

stress to be taut. This way, a macroscopic area is at the focal point of the microscope for two dimensional

mapping. The compression in the (001) plane induce a positive strain value in the direction normal to the

surface (i.e., εzz > 0). Shear components are close to zero.
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Figure 3.24: Initial strain tensor of a 100 nm thick sc-Si on a Furukawa tape under uniaxial loading along < 110 >. The
tensor components are given in the [110], [1,10], [001] reference frame. The full strain tensor mapping is performed
with µLaue on a 2200×2200µm2 surface

A strain mapping of the same surface is performed after the application of 0.95 % macroscopic strain in

the SOP sample (figure 3.25). The strain curve of the whole test is also represented, each point corresponds

to the mean strain value over the whole probed surface. Inhomogeneities and defect appeared on the sil-

icon surface due the application of external stress on the tensile sample. Two blank parallels blank lines

are visible on the mapping, as no signal could be extracted from the corresponding Laue patterns. This is

due to delamination and local curvature of the sc-Si film, Bragg peaks either had a low intensity or were not

indexed as their position was significantly different from the expected one. This induces a shear strain in

the central part of the sample. Overall, where a diffraction pattern can be collected, the resulting diagonal

present a good homogeneity on the whole sample width. The maximum mean εy y value reached for this

sample (0.5%) is significantly lower than the previous results presented for single point acquisition. Stress

relaxation and signal loss in the two parallel zone prevented further exploitable strain mapping.

115



CHAPTER 3. Silicon On Polymer mechanics

y =[110] 
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Figure 3.25: Strain tensor of a 100 nm thick sc-Si on a Furukawa tape under uniaxial loading along < 110 >. The strain
tensor components are given in the [110], [1,10], [001] reference frame. The full strain tensor mapping is performed
with µLaue on a 2200×2200µm2 surface. The bottom graph gives the mean strain value for the whole tensile test. The
blue line indicates the position of the full strain map presented above.
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Mapping at a smaller scale (20×20µm2) were also performed during the same tensile test. Figure 3.26

presents the initial state and figure 3.27 a mapping at 0.94% macroscopic strain along with the full ten-

sile curve. Despite some missing data points, the strain is as homogeneous as the larger scale mapping.

Mean uniaxial strain along the <110> direction is slightly lower at smaller scale but still within the standard

deviation of the larger scan. No variation in the shear component are observed here. This illustrates the

homogeneity of the deformation at various scale for a macroscopic tensile test sample.

y =[110] 

Stress

[001]

Figure 3.26: Initial strain tensor of a 100 nm thick sc-Si on a Furukawa tape under uniaxial loading along < 110 >.
The strain tensor components are given in the [110], [1,10], [001] reference frame. The full strain tensor mapping is
performed with µLaue on a 20×20µm2 surface.
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Figure 3.27: Strain tensor of a 100 nm thick sc-Si on a Furukawa tape under uniaxial loading along < 110 >. The strain
tensor components are given in the [110], [1,10], [001] reference frame. The full strain tensor mapping is performed
with µLaue on a 20×20µm2 surface.
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Crystal rotation can also be extracted from the indexation of Laue patterns. A straightforward and qual-

itative approach can be taken by superposing all the Laue pattern collected on the sample at a given strain.

Figure 3.28(a) shows the evolution of selected, sample-averaged Bragg peaks with strain. All Laue diagram

collected on the sample surface at a given loading step are superposed to observe the peak position distri-

bution. For both 0 0 4 and 0 2 6 Bragg’s peak, the initial distribution is isotropic (i.e. the peak distribution

is similar in both x-axis and y-axis of the detector). Under strain application the distribution is getting nar-

rower along the x-axis. This indicates a rotation of the sample around the stress direction as illustrated by

simulation in figure 3.28(b). The experimental distribution width is 23 pixel and 66 pixels for the 0 0 4 and 0

2 6 reflection respectively, which corresponds to a rotation of (0.6±0.1)° or a 190 mm curvature radius.
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Figure 3.28: Effect of sample curvature on Laue diagram (a) Sum of Laue patterns probed on the whole sample surface
for two different Bragg peak and strain level. (b) Simulation of Laue patterns of a silicon crystal being rotated of 2°
around the [010] crystal axis

The previous results showed how a uniform uniaxial strain was applied on a thin sc-Si film using a tensile

test apparatus. The combined use of µLaue and Raman spectroscopy allowed to validate the use of an

adequate model for the later technique. An in depth discussion of the fabrication parameters effect on the

mechanical behavior will be given later in this chapter.

3.2.1.2 Bulge and biaxial tensile test

As for uniaxial tensile testing, the strain tensor and strain homogeneity for bulge and biaxial testing is first

directly characterized using x-ray microdiffraction. This allows to validate the use of Raman spectroscopy

with the corresponding assumption on the stress applied to the silicon crystal.

Figure 3.29 presents the diagonal of a 100 nm thick sc-Si as a function of the macroscopic strain applied

in the center of the bulge test sample. The silicon film is encapsulated in between two Furukawa tape layers.
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As presented earlier, the extra layer of Furukawa tape prevented beam damage to the sc-Si film during signal

acquisition. The first point was obtained for 1 % biaxial macroscopic strain as the SOP sample needed to be

taut and the height increase due to the polymer creeping needed to be low enough to perform a mapping

without losing the focus on the sample surface. Diagonal components in the (001) plane were positive and

increased with the macroscopic strain, while the component normal to the surface sample decreased down

to -0.91% compressive strain for 6.5 % macroscopic strain. As the maximum in-plane diagonal components

are 1.14 and 1.40 %, using Hooke’s law with a 0.26 Poisson ratio for silicon [Hopcroft et al., 2010], the ex-

pected compressive strain normal to the sample surface would be -0.58 %. The origin of this difference can

be the initial stress present in the sc-Si layer due to the fabrication process and lamination of the differ-

ent Furukawa tape layers. Overall a biaxial strain larger than 1.1% was applied in the sc-Si film (001) plane

thanks to the use of a bulge test stage. Above this point, the diffracted signal was too low, creeping of the

polymer and cracks in the silicon layer prevented the test to be carried on.

Figure 3.29: Diagonal strain component in the crystal reference frame of a 100 nm thick sc-Si film on Furukawa during
a bulge test. Diameter of the disk is 30 mm. Each point is obtained from a 20×20µm2 mapping of the surface with
µLaue.

To assess the homogeneity of the strain and its biaxial character, maps of the ratio of the in plane diag-

onal components (ε[100]/ε[010]) are represented in figure 3.30, for different values of the mean biaxial strain

(indicated in each panel). Accessing the full strain tensor with µLaue allows to quantify the biaxial char-

acter of the stress rather than making an assumption as it can be done for Raman spectroscopy or single

lattice parameter measurement from a XRD rocking curve. A ratio close to one indicates a good match with

a pure biaxial deformation. On the contrary, lower or higher ratio indicates a mechanical anisotropy, i.e. a

non-equi-biaxial deformation, which can arise from sample geometry or polymer microstructure. At low

macroscopic strain, there is a strong dispersion in the strain ratio. Then, with the increase in macroscopic

strain, the ratio progressively got close to 1 and the strain homogeneity on the probed surface increased.

The ε[010] component remained larger than ε[100], even at higher strain value, which is attributed to the

uniaxial strain induced by the tape lamination. Mapping at higher strain value are not represented as the

missing data point were to important due to loss of signal in certain area of the probed sample surface.
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Figure 3.30: Mapping of ε[100]/ε[010] in a 100 nm thick sc-Si under biaxial stress. Strain tensor components were ob-
tained using µLaue during a bulge test. Each map corresponds to a macroscopic strain value of the bulge center calcu-
lated from the bulge height, indicated in the lower left of each panel.
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Bulge test were also carried under a Raman spectrometer. A strain curve obtained for a 200 nm thick

sc-Si on Furukawa is presented in figure 3.31. This test was performed on a silicon disk with a bulge stage

of 20 mm internal diameter. Disk shaped patterns were more prone to cracking at lower macroscopic strain

than ribbons shapes one, this prevented any significant increase in local silicon strain, even at higher pres-

sure. As stated in chapter 2, the lithography technique used for pattern definition yields rough pattern

edges. It might be even more problematic from curved patterns as opposed to ribbons oriented along spe-

cific crystal directions.
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Figure 3.31: Biaxial strain in a 200 nm thick sc-Si film on Furukawa tape, measured by Raman spectroscopy during a
bulge test. Bulge diameter is 20 mm. Each point is the mean value of 9 data points from a 40µm×40µm surface

As mentioned earlier, biaxial loading was also tested using the biaxial tensile rig at DiffAbs beamline at

SOLEIL, using simultaneous in situ DIC and XRD. Data processing of the combined measurement is still

undergoing while this thesis is being written and an in-depth analysis of the whole data-set is not available.

However preliminary results can be presented and still offer an interesting preview of the information that

can be accessed thanks to the unique set-up and the results obtained in a stripe sample loaded biaxially are

discussed hereafter. Figure 3.32 (a) shows an example of a zone analyzed with DIC. Strain component are

extracted from both the whole observation area (substrate only and SOP) and the silicon covered zone on

the right of the micrograph. Speckles of white paint used as optical marker are clearly visible on both areas.

The curves presented in figure 3.32 are the in-plane strain components from different samples obtained

with DIC. The strain curves presented in graph (b) were obtained for a step by step experiment while the

curve (c) and (d) are issued from a continuous tensile tests. For the step by step measurement, a clear re-

laxation is observed during the measurement, similar to uniaxial tensile test performed on the micromecha

stage. The biaxial strain of the silicon covered area is systematically lower than the whole sample strain.

This highlights the importance of a local strain analysis of the substrate and the influence of the silicon thin

film on the mechanical behavior of the whole SOP structure. Figure 3.32(d) shows a significant different

between the in-plane strain components ε11 and ε22 for the silicon covered substrate, indicating a strong

sample anistropy. Analysis of XRD data will allow one to determine the relation with local silicon strain and

deviation from pure biaxial strain.
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Figure 3.32: In plane strain components for SOP samples under biaxial stress obtained with DIC on different area of the
samples: silicon free and silicon covered parts as illustrated in micrograph (a).For curve (b), the motor were stopped
during x-ray acquisition while the tests presented in (c) and (d) are continuous.

XRD rocking curves were performed around the 0 0 4, 0 0 8 and 0 0 12 Bragg peaks of the sample sub-

jected to a step by step biaxial loading. The angular space maps of the Bragg peaks are presented in figure

3.33 for selected loadings. With increasing strain, the peak position shifts to higher 2θ values, indicating

a contraction of the silicon lattice in the direction normal to the sc-Si film surface. At higher strain, the Φ

position and width of the peaks also changes. The lattice parameter c of (001) plane can be calculated with

Bragg’s Law from the 2θ peak position. The corresponding strain is computed ε33 = c
c0

with c0 =5.431020 Å

the unstrained silicon lattice parameter. With the hypothesis of a pure biaxial strain and using generalized

Hooke’s law, the in-plane strain component ε|| can be expressed by equation 3.15:

ε|| = ε11 = ε22 =−c11ε33

2c12
(3.15)

Where ε11, ε22 and ε33 are the diagonal strain tensor component in the crystal reference frame. c11 =

165.5 GPa and c12 = 63.9 GPa are silicon elastic constants [Hopcroft et al., 2010].
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Figure 3.33: 0 0 4, 0 0 8 and 0 0 12 Bragg’s peak for a 205 nm thick sc-Si film under biaxial stress. The external biaxial
stress applied on the sample is increased between each step. Contour of the 2D gaussian functions used to fit the peak
position of morphology are also represented.

Figure 3.34 presents the combined DIC and XRD results obtained for the different loading steps of the

sample. DIC value are averaged over the XRD measurement time range. Even for the local information

obtained on the silicon covered area, the local silicon strain is significantly lower than the substrate strain.

Below the 23rd loading step, the strain extracted from the three different Bragg peaks is similar. Above this

point some outlier values are present in the strain extracted from 0 0 8 and 0 0 12 reflection. This stems in

the peak broadening observed in figure 3.33. Also the slope of the microscopic substrate strain is increasing

above this point whereas the one of the silicon crystal strain is decreasing. These observations indicates

possible fracture of the silicon film and the presence of several crystallites.
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Figure 3.34: Strain as a function of loading step number in a biaxial test performed on a 205 nm tick sc-Si on Furukawa.
For silicon films ε33 was obtained by measurement of 0 0 4, 0 0 8 and 0 0 12 Bragg peak position. ε11 was computed
using Hooke’s law. Strain derived from DIC measurement are also represented, both for whole sample and silicon
covered surface.
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Proper calibration of the detector angular position has not been implemented yet in the data analysis

routine and silicon strain value presented in figure 3.34 are relative to the initial state. To illustrate the dif-

ference of mechanical behavior between the different parts of the sample, in-plane biaxial silicon strain was

plotted against the mean biaxial strain measurement in the substrate with DIC. Figure 3.35 shows the clear

difference in strain ratio for the whole sample surface and the silicon covered surface. Still, the ratio for the

silicon covered substrate is lower than 1
2 which is even lower to the value obtained with total macroscopic

sample strain during uniaxial testing. Cracks were presents in this sample surface although it still does not

exclude the existence of slipping at the polymer/silicon interface or delimitation in the early stage of tensile

testing. Further analysis of other samples results will tell if this is a recurring observation. Measurements

of in-plane (e.g 2 2 0) and asymmetric (e.g. 1 1 3) Bragg peaks were also performed and might give a better

understanding of the local mechanical coupling between the polymer substrate and the sc-Si film during

biaxial tensile testing. This example shows how the biaxial tensile test set-up at DiffAbs beamline allows

strain probing at different scales for crystalline materials on polymer substrates.
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Figure 3.35: Local silicon strain as a function of macroscopic strain measurement with DIC. (a) For the silicon covered
area (b) For the whole probed surface

3.2.2 Influence of crystal orientation on uniaxial tensile tests

In the case of uniaxial tests, two different ribbon sample orientations were studied. Figure 3.36 presents the

overlay of strain curves for two similar SOP samples with different ribbons crystalline orientations: [100]

and [110]. They were both transferred from the same wafer. The [100] oriented sample presents a linear

strain ratio until the sc-Si fracture and delamination (above 3% macroscopic strain) whereas the strain ratio

of the [110] oriented sample decreased progressively with the increase of the macroscopic strain applied to

the sample. This is a consequence of the cracks orientation in the sc-Si. There are always oriented along

a [110] direction. This implies that for [110] oriented sample, the cracks are perpendicular to the applied

stress and cracks free zone continue to be strained. A post-mortem micrograph of a [110] oriented sample

can be observed in figure 3.37(a). For [100] oriented samples the cracks appear later but the 45° angle with

respect to the ribbon sidewall implies a dramatic fracture mode where all the cracks appear simultaneously.

As seen in figure 3.36, after the apparition of cracks (figure 3.37(b)), the local silicon strain drops instantly

to its initial value and can not be increased by further external mechanical loading.
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Figure 3.36: Tensile curves for 100 nm thick silicon on Furukawa tape sample for two different ribbon orientations.
Strain is derived from Raman spectroscopy acquisition during a continuous tensile test.

Figure 3.37: Micrographs of SOP samples surface after fracture during a uniaxial tensile test. (a) [110] oriented ribbon
(b) [100] oriented ribbon
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To assess the coupling between sc-Si films and polymers substrate, a strain ratio can be extracted from

continuous Raman acquisition during uniaxial tensile tests. The strain ratio is defined as εSi /εmacr o where

εSi is the local silicon strain obtained with Raman spectroscopy and εmacr o is the sample macroscopic

strain. A ratio of 1 would indicates a sample fully covered by crack free sc-Si film while a lower ratio in-

dicates presence of crack or silicon free zone of the extremities. Figure 3.38 present the results obtained for

20, 100 and 200 nm sc-Si thick uniaxial tensile test sample in two orientations ([100] and [110]). There is a

strong dispersion in measurements values (i.e., between 0.5 and 0.95). This is caused by the brittle behav-

ior of silicon, especially for [110] oriented samples were fractures can appear for low strain values during a

tensile stress. The dispersion is smaller for [100] oriented samples as the sc-Si is crack-free during the initial

linear part of the tensile curve. No significant trends can be linked to the silicon thickness. However the

ratio is significantly higher for [100] oriented ribbon at 100 and 200 nm thicknesses. Silicon Young modu-

lus is lower in this direction, lowering the elastic energy needed for a given strain (E[100] = 130 GPa, E[110]=

169 GPa.)
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Figure 3.38: Initial ratio between the local silicon strain and the macroscopic strain.

Another metric extracted from the tensile test curve was the elasticity modulus of the SOP structure. It

is based solely on the data from the Proxima tensile stage and is extracted from the initial linear part of the

tensile curve. The results presented in figure 3.39 showed that the influence of a sc-Si thin film is not negli-

gible in the structure mechanical response. The [110] oriented samples have a linear relation between the

silicon thickness and the elastic modulus of the structure. For [100] samples there is a strong dispersion for

205 nm thick sample but the effect is still visible at lower thicknesses. It illustrates that even the low thick-

ness sc-Si film influence on the hetero-structure mechanical response is not negligible. By extrapolating

the Young modulus for a silicon free substrate, one can obtain a value of 40 MPa which is significantly lower

than the value previously stated for the substrate (70 MPa). This is due to the viscous mechanical response

of the substrate, a slower displacement speed will result in a lower rigidity.
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Figure 3.39: SOP Young’s modulus for different sc-Si thickness and ribbon orientation. The substrate is a 230µm thick
Furukawa tape and data were obtained from continuous tensile test at 2µm/s displacement speed.

3.2.3 Elastic behavior

All the results in this chapter are obtained using the assumption that the strain is purely elastic. This stems

from the fact that the strain measurement methods used here are only sensitive to the elastic strain of crys-

talline silicon. The model used for Raman is a first order development of a solution to the secular equation

presented in annex A.1. For example, in Germanium, a non-linearity was observed for the stress/Raman

peak shift at higher strain value (i.e. over 1%) [Gassenq et al., 2017]. The strain measured by µLaue is purely

elastic. It is derived from the Bragg’s peak fit and indexation in the Laue pattern, furthermore only the de-

viatoric part of the strain tensor is experimentally measured here. Observation of plasticity in silicon is

often associated with the apparition of amorphous phase [Zhang and Zarudi, 2001] or in high temperature

conditions [Gallagher, 1952]. In a single crystal nanostructure, even at high strain (> 10%), pure elastic de-

formation were observed until the brittle fracture of the silicon [Zhang et al., 2016]. A first clue of induced

plasticity in the case of the tensile test performed here is the strain after unloading. A [110] oriented SOP

sample with a 20 nm thick silicon layer was strained up to 1.3 % and then dismounted and left to relax for

12 h. As visible in figure 3.40, the strain fully relaxed is even smaller than the initial measurement performed

after tensioning on the tensile stage. All three FWHM are similar given the margin of error for the fit at low

signal extracted from a sc-Si thinner than 20 nm. It indicates that no major modification of the crystal struc-

ture was induced by the applied stress.
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Figure 3.40: Raman spectrum for different loading step of a [110] oriented 20 nm silicon film on polymer. Initial mea-
surement was made after the mounting and minimal tensioning if the sample on a tensile stage. Maximum strain
corresponds to the highest red-shift observed during a uniaxial tensile test. Post mortem spectrum was collected 12 h
after dismounting the sample from the tensile stage.
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On the other hand, the evolution of Raman response was also evaluated for a [100] oriented sample

brought to total failure at high strain value. Raman spectrums of a 205 nm thick [100] oriented sample are

represented in figure 3.41. A first spectrum is collected during the initial tensioning phase of the tensile

test, the external force applied on the sc-Si film is negligible here. The initial shift from a bulk reference

sample is only due to process-induced strain. A second spectrum is collected at the maximum local strain

in the sc-Si film, the significant peak shift can be observed (7 cm−1, corresponding to a strain of 3.1 % in

the case of a pure uniaxial tensile deformation along the sample long axis. The peak FWHM remained

unchanged and comparable to the bulk reference value (3.5 cm−1) [Richter et al., 1981]. A last spectrum is

collected after the fracture of the sc-Si thin film. As presented earlier in figure 3.37, for a uniaxial sample

oriented along a < 100 > direction the cracks are present on the whole sample surface with a characteristic

length of 2µm. After the rupture of the sc-Si thin film, the position of the silicon Raman peak is back to

its initial position, indicating a relaxation of a pure elastic strain possibly due to a delamination from the

substrate. The peak FWHM increased after fracture. Such increase have been linked to size effect in thin

film [Poborchii et al., 2015] and cristallite size [Fauchet and Campbell, 1988]. Here the peak broadening

may stem from the laser beam size being similar to the post fracture silicon flakes dimension. The signal

is coming from different crystallites presenting inhomogeneous strain levels. Furthermore, such a peak

broadening was not observed in [100] oriented samples where the characteristic length of crack-free silicon

surface is much higher than the laser beam size.

Thus, these results confirm the hypothesis that the strain induced in the sc-Si film was purely elastic

and that crystalline quality remained intact during tensile tests.
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Figure 3.41: Raman peak during a tensile test performed on a 205 nm thick, [100] oriented sample. The initial spectrum
is represented along with the one corresponding to the highest strain value and a one after the complete fracture of the
sample surface. Black lines represent the lorentzian curve used to fit the experimental data points and extract the data
of interest (peak position and FWHM)

3.2.4 Defects

While µLaue is a diffraction technique, based on the crystalline nature of silicon and thus sensible to pure

elastic strain, it can be used to look for markers of plastic deformation. A good indicator is the morphology

of Laue diffraction spots. For a perfect crystal on an ideal diffraction setup, a diffraction peak would be

represented by a Dirac function. For a real finite sample on a real setup, the diffraction peak has a certain

width depending on the crystal dimension, orientation, crystallinity, defects and experimental parameters

(e.g., beam-size, optics. [Ungár, 2004]).

In particular, peak width broadening can be caused by the presence of dislocations. In this case, only

peaks on certain zone axis are affected. To quantify the evolution of the diffraction peak morphology, a
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continuous µLaue measurement was performed on a sample under tensile test. The sc-Si film was 100 nm

thick. The elongation speed was 0.1µm/s and the full width of the sample was scanned in 22 points sepa-

rated by 100µm with a 1 s acquisition time per point. Total acquisition time for a line was 49 s corresponding

to a total displacement of 4.9µm. Given the x-ray beam-size (500 nm×500 nm), this meant that even in the

sample center, the scanned surface is not the same in-between transverse scans. The evolution of the strain

tensor diagonal components is presented is figure 3.42 with a schematic of the experiment. The decrease

in uniaxial tensile strain observed above 2 % of macroscopic strain is due to the presence of a crack per-

pendicular to the displacement direction (y). As stated above, the scanned area is moving compared to the

X-ray beam position along the x axis. Indeed around 3 % macroscopic strain, no signal can be retrieved as

the crack is under the beam.

Figure 3.42: Mapping of the diagonal strain component of a 100 nm thick sc-Si film on a Furukawa substrate. The
reference frame is [-110] [110][001] and the stress is applied along [110]

To understand the signal loss, a direct observation of the Bragg peak evolution is necessary. Figure

3.43 presents three different peaks obtained from distinctive area of the sample width. As seen in figure

3.42, signal coming from the central part of the sample is lost due to extreme broadening of the peaks or a

displacement of the peak outside of the analyzed region of interest. Peak broadening is the more plausible

scenario as the peaks gradually disappear. This is caused by important local curvature, the diffracted signal

becomes too low to be distinguished from the background noise as the initial signal is already low due

to short acquisition time and low silicon thickness. For both upper and lower areas, the signal is almost

always exploitable but peak broadening can still be observed. A complete absence of diffracted signal is

confirmed at 3% macroscopic strain. Peak elongation and displacement is similar for the three different

Bragg’s reflections here.

131



CHAPTER 3. Silicon On Polymer mechanics

0.3

Macroscopic strain

4

Figure 3.43: Bragg peak morphology evolution for different orientation during a uniaxial tensile test performed on a
100 nm thick sc-Si film on a Furukawa substrate.

Diffraction peaks morphology evolution can be quantified using the width of the 2D Gaussian function

used to fit their position. The peaks’ FWHM is plotted along with the mean uniaxial silicon strain as a

function of macroscopic strain in figure 3.44. During the increase to maximum strain, no general tendencies

can be observed as the FWHM oscillate around a constant value. Close to the silicon fracture, a similar

increase is observed for the three analyzed peaks, indicating an increase in local curvature.
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Figure 3.44: Silicon strain along a < 110 > direction and different Bragg’s peak FWHM as a function of whole sample
macroscopic during a continuous uniaxial tensile testing.

Finally the three Euler angles can be extracted from the indexed Laue pattern. Figure 3.45 present the

evolution of the three angle as a function of macroscopic strain for the whole sample surface. As represented

in the schematic, the angles are given with reference to the laboratory reference frame. Absolute values

are not essential but it can be noted that angle θ defining the tilt between the two normal is dispersed

around 40°. This value is expected as it corresponds to the inclination of the tensile stage. The data is rather
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noisy due to low SNR but the curvature of the sample along the stress direction can be observed in the Φ

mapping. The distribution around 45° is consistent with the [110] crystal direction being aligned with the

tensile stress orientation. Another rotation is visible in theΨ values near the crack, indicating an important

local curvature caused by delamination.

Figure 3.45: Linear scanning of Euler angles during a continuous tensile test as a function of macroscopic strain sample.
The angles are given relatively to the laboratory reference frame as shown in the schematic. The stress is applied along
the [110] direction.

3.3 Approaching the strain limit

3.3.1 Film thickness

As presented in chapter 2, several methods to transfer films thinner that 200 nm were studied (wet etching

before the sc-Si film transfer or dry etching after). The goal was to decrease the elastic energy needed in the

system to reach a given strain value. In a pure elastic deformation, the energy density needed to reach a

certain strain is given by equation 3.16.

wel =
1

2
Eε2 (3.16)

Where wel is the elastic energy density, E the Young modulus and ε the strain. The total energy is also

proportional to the volume, and thus varies linearly with the silicon thickness for given sample dimensions.

Furthermore size effects can be observed in micro and nano object (e.g., increase in Young modulus or

maximum strength). These effects are observed in metallic materials [Jang et al., 2011] as well as in silicon

[Soler et al., 2014; Namazu et al., 2000]. To test this approach, tensile tests were performed on samples which

were dry etched after transfer on BSI to lower the silicon thickness and then transferred on Furukawa tape

using a mechanical separation between the glue and the sc-Si. The maximum strain obtained as a function

of silicon film thickness and crystal orientation is reported in figure 3.46. As opposed to what could be

expected, the maximum strain achieved in sc-Si thinner than 200 nm was lower than the maximum strain

in the initial 205 nm thick films. 20 and 100 nm thick samples gave similar results. Thus, the additional

plasma etching step that was used to achieve silicon thickness below 200 nm might have contributed to

decrease the maximum strain achievable. Pétri et al. showed that such a process was linked to an increase

in silicon surface roughness.

133



CHAPTER 3. Silicon On Polymer mechanics

20 100 200
Silicon film thickness (nm)

0

1

2

3

M
ax

im
um

 u
ni

ax
ia

l s
tra

in
 (%

)

[110]
[100]

Figure 3.46: Maximum uniaxial tensile strain reported for different silicon thickness and crystal orientations. All pat-
terns were defined using the same chromium mask and strain collected using Raman spectroscopy during a continuous
tensile test.

3.3.2 Edge definition

As presented in the chapter 2, efforts were made to transfer silicon patterns with the smoothest sidewalls

possible. Indeed, mechanical tests performed on pattern defined with a soft mask showed that edge rough-

ness could be a point of fracture initiation. Even before cracks formation, some delaminated film can be

observed near the pattern edges (figure 3.47(a,b). Figure 3.47(c) shows the same sample after external

stress application and crack apparition. The crack is oriented along a [110] direction, perpendicularly to

the stress direction, and appeared on a local maximum of the pattern edge curvature. Using a standard

1X chromium/glass lithography mask, edge roughness could not be observed with an optical microscope.

Crack morphology remained similar compared to patterns produced using soft mask.
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Figure 3.47: (a) Micrograph of the full width sample prior to crack apparition (b) Detail of a delamination present of the
pattern edge. (c) Cracks formed on a 200 nm thick sc-Si thin during a uniaxial tensile test. The pattern was transferred
using a soft lithography mask.

Figure 3.48 present strain curves displaying the maximum strain obtained for different sample fabrica-

tion methods. A first observation is that, as expected, the use of a 1X chromium mask increased the achiev-

able maximum strain for both samples orientation. The apparition of cracks was delayed as the pattern

edges were considerably smoother. Cracks morphology remained unchanged for the different lithography

process (i.e., [110] oriented). The anisotropic TMAH etching allowed improving significantly the maximum

strain achievable in [100] oriented samples: from 1.96 % to 3.07 %. As shown in chapter 2, (100) planes

were revealed on the pattern sidewalls and allowed to delay the apparition of cracks (figure 2.31). For [110]

oriented ribbons, SEM observations showed that a bevel composed of two (111) plane was formed on the

patterns edges (2.32). A decrease in maximum strain was observed for [110] oriented TMAH etched ribbons,

indicating that a stress concentration at the edges bevel favored the crack formations at lower macroscopic

strain level. On graph 3.48 (b), discontinuity are present in the strain curve of the TMAH etched sample at

higher strain value. They are due to loss of surface focus. With such important displacement, the initial

auto-focus range was not large enough to compensate for surface height changes. Clamp movement was

temporary halted to re-focus on the surface, causing the substrate to relax. Macroscopic strain offset are

also present in between the tensile curves. They arise from the difficulties to determine the relaxed state of

the flexible polymer substrate. The displacement needed to achieve a taut sample is dependent on sample

curvature and manual clamping. Curve slope and local silicon strain remain comparable in between exper-

iments. Offsets in initial silicon strain are due to process parameters as exposed in chapter 2. A significant

offset difference is observed between the sample produced with chromium mask only and with a chromium

mask and TMAH chemical smoothing.
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Figure 3.48: Comparison of tensile curves for 200 nm thick samples produced with different mask. Soft mask, chromium
mask and anisotropic chemical smoothing(see section 2.1.3.4). (a) [110] oriented ribbons (b) [100] oriented ribbons.
Lose of focus caused the absence of data point in certain parts of the curves. Local discontinuity are due to a pause in
the tensile test to refocus the microscope on the sample surface.

3.4 Conclusion

This chapter was dedicated to the study of the mechanical behavior of SOP material. Suitable means of

characterization were used and developed to probe the local silicon strain: µLaue, Raman spectroscopy

and XRD. A detailed description of the data acquisition strategy and processing was given in order to deal

with the nature of the composite material studied here. All these developments allowed for a study of a wide

range of parameters of the mechanical behavior of SOP under tensile stress.

Coupling of macroscopic and microscopic strain measurement techniques of substrate and silicon strain

highlighted the slower increase of silicon strain relatively to substrate strain. No slipping was directly ob-

served, implying that only silicon free substrate area at the origin of this phenomenon. Combined DIC and

XRD datas are still being processed to provide a microscopic information on this phenomenon. Once cracks

appeared in the silicon film, part of the silicon strain were relaxed but further increase of the applied stress

could lead to local increase of strain. The cracks are always oriented along <110> directions which implied

that fractures modes varies depending the orientation of the sample and the applied stress.

In order to improve the maximum uniaxial strain in the silicon layer transferred on polymer, several pa-

rameters were studied. Decreasing the sc-Si film thickness from 205 nm to 100 or 20 nm did not improve

maximum strain, possibly due to the surface roughening due to the sample thinning. Decreasing silicon

surface can be a more efficient method to lower the elastic energy needed to strain the structure. The fab-

rication of a new lithography mask is required to evaluate this approach. Uniaxial sample orientation does

not have a significant influence on the maximum strain despite the different behavior during the tensile test

and the earlier apparition of fractures for [110] oriented patterns. The edge roughness of tensile test pat-

terns has a strong impact on the ultimate silicon film strength. Stress concentration on the pattern edges

led to the apparition of fracture, using a lithography mask with lower CD and a chemical smoothing process

led to some unprecedented results (3.1 % of uniaxial strain along a <100> direction).

These improvements of the transfer process in order to reach higher strain were possible thanks to the

validation of a reliable and reproducible Raman test bench for SOP material. X-rays based techniques al-

lowed for a finer understanding of the mechanism at the microscopic scale and confirmed the validity of

hypothesis made for Raman measurements. Local rotation of the crystal were observed near cracks as well

as local curvature of the film due to the high aspect ratio substrate. No clear sign of plastic deformation

were observed during the tensile test.

Table 3.2 gives the maximum strain and stress reached in a sc-Si film for different thickness, crystal
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orientation, type of stress and lithography method. All these results were obtained on a flexible polymer

substrate. The next step for the fabrication of a permanently strained silicon film is the transfer under

tension from a flexible substrate to a rigid one.

Type of stress sc-Si thickness
(nm)

Lithography pro-
cess

Maximum strain (%) Maximum stress (GPa)

205 Soft mask 1.5 2.5

205 chromium/glass
mask

2.2 3.8

Uniaxial
[110]

205 chromium/glass
with chemical
smoothing

1.6 2.7

100 chromium/glass
mask

1.4 2.4

20 chromium/glass
mask

1.8 3.1

205 chromium/glass
mask

2.0 2.5

Uniaxial
[100]

205 chromium/glass
with chemical
smoothing

3.1 4

100 chromium/glass
mask

1.8 2.3

20 chromium/glass
mask

1.7 2.2

Biaxial 200 chromium/glass
mask

1.0 1.8

100 chromium/glass
mask

1.1 2.0

Table 3.2: Summary of the maximum stress and strain achieved in sc-Si film during tensile tests on SOP samples. Uniax-
ial tensile test results were obtained using Raman spectroscopy, biaxial results were extracted fromµLaue measurement
and XRD scans.
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CHAPTER 4. Transfer of a strained film onto a rigid substrate

Introduction

Previously we proposed different process flows to transfer a sc-Si thin film on various polymer substrates

with a fine control on its dimensions and quality. An extended study of the mechanics of SOP material

was provided in the previous chapter. The last step towards the fabrication of a permanently strained sil-

icon layer is the transfer of a strained layer from a flexible substrate to a rigid substrate. Direct bonding

was chosen as a way to transfer the strained silicon layer. Covalent bonds at the interface will prevent any

strain relaxation. Furthermore direct bonding allows the formation of an interface with a low thermal bud-

get compatible with organic components. Finally a bonding without any additional adhesive is necessary

for further processing of strained silicon layer with standard CMOS methods. Several technical challenges

arise to perform such a bonding compared to standard processes. Indeed, flexible polymer substrates have

widely different mechanical properties and topology from standard wafers typically used for direct bonding.

We adapted surface preparation steps to SOP structures to be able to perform an hydrophilic direct bonding

of a sc-Si film from a polymer substrate to a rigid substrate. Two bonding stages were evaluated to obtain

the highest sc-Si transfer rate. Raman and µLaue measurements were performed in order to characterize

the strain of the transferred film and its crystalline state. This chapter is organized around two objectives:

to demonstrate the feasibility of a report from a flexible substrate and to apply and characterize strain in

the reported sc-Si thin film.

4.1 Adapting direct bonding procedures to a flexible silicon on polymer

structure

4.1.1 Surface preparation

The first step in a direct bonding process is to obtain two surfaces meeting the roughness requirements pre-

sented in chapter 1. The first surface is the sc-Si film transferred on a flexible polymer substrate. As reported

in chapter 2, the surface roughness of sc-Si films "as-transferred" on a flexible substrate is below 10 Å RMS.

Direct bonding was performed with 205 nm thick silicon film to avoid any additional surface roughening

from thinning process (i.e., due to sacrificial etching or plasma etching[Pétri et al., 1994]). The second sur-

face is that of the receiving rigid substrate, on which the strained thin film will be transferred. The receiving

wafers were purchased directly from microelectronic materials suppliers and the surface roughness was

suitable for direct bonding (i.e., smaller than 0.5 nm RMS [Moriceau et al., 2010]), thus usually requiring

no additional Chemical-mechanical Polishing (CMP) steps. Standard bulk (001) silicon wafer were used.

An oxide layer was either thermally grown (145 nm thickness) or deposited and annealed at 1200 °C (5µm

thickness).

Once the roughness requirements are met, both sc-Si thin film and receiving substrate surfaces have

to be prepared so that they are hydrophilic. This step is followed or combined with a removal of particle

contamination and thus performed as close as possible to the actual bonding step. The detailed surfaces

preparation process is represented in figure 4.1.

Full sheet 200 mm receiving substrates with a 145 nm thick thermal oxide layer were cleaned in a FSI

Magellan tool with different standard surface preparations for direct bonding (O3 exposition before RCA

cleaning [Kern, 1990]). The resulting surface is hydrophilic. For thick oxide substrate, a short time CMP

is performed (commonly known as a "touch"). Only a few nanometers of oxide are removed in order to

achieve suitable roughness and remove surface defects for bonding of a deposited material [Moriceau et al.,

2010]. For SOP samples, the surface preparation was divided in two steps:

• UV exposure under O3 atmosphere to remove organic compounds at the surface of the silicon film.

The duration of this step was determined by monitoring the water contact angle on a control sam-
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ple. Indeed, this treatment decreases the surface affinity for organic compound and increases the

hydrophilic character of the surface. It is a central parameter for the type of bonding here. Remaining

Anti Stiction (AS) on the silicon surface is also removed as it is an organic compound.

• Wet cleaning in NH3 aqueous solution with a megasound activation (1 MHz,10 W) using EVG 301 tool.

The latter wet cleaning step was performed on an industrial tool compatible with a Disco metallic frame.

This metallic frame, presented in in chapter 2, is essential for the easy handling of SOP. It also allows the

industrialization of a transfer process. Thus for the transfer of a sc-Si film from a flexible substrate to a rigid

carrier, only silicon on tape samples were used (stack L1 in figure 4.1). For the transfer of strained sc-Si

individual patterns, full 200 mm receiving wafer were cut into 20 mm×20 mm dies on a dicing tape held by

a metallic frame. The surface preparation steps were similar to the one described for SOP samples. Different

process parameters were used to accommodate the different natures of the substrate. The UV/O3 cleaning

can be performed in a single 10 min step and the megasound power could be increased to 90 W as thermal

budget and film brittleness are not a concern in this case.

Flexible tape 
sc-Si (205nm)

Frame SiO2 

Si (725µm)

UV/O3
SiO2 

Si (725µm)

NH3

FrameFrame SiO2 

Si (725µm)

Flexible tape 

SiO
2  

Si (725µm
)

SOP Recieving wafer

Surface 
preparation

FlipParticle contamination 
removal (WET)

Bonding

Organic contamination 
removal

Organic contamination

Particles

SiO2 

Si (725µm)

Flexible tape 

Dismounting

Figure 4.1: Schematic of the transfer of a sc-Si thin film from a polymer flexible substrate to a rigid substrate using direct
bonding
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4.1.2 Bonding stages

After both SOP samples and receiving wafer or dies were cleaned and presented an hydrophilic surfaces, the

actual bonding step was performed. Dedicated bonding stages were used to that end. The first one detailed

in figure 4.2 was designed for preliminary studies with 200 mm diameter silicon films and to experimentally

validate that SOP can be transferred back on a rigid substrate, independently of the strain state. Thus, the

force applied on the SOP is not intended to induce significant strain in the silicon film but to obtain a flat

and taut surface. The stage is simply composed of a support to hold the metallic frame surrounding the

tape and a 200 mm wide flat chuck to apply pressure on the SOP backside.

Chuck

Flexible substrate

Metalic frame

sc-Si film

Stage

Receiving substate 
(silicon or oxyde or glass)

Figure 4.2: Schematic of a direct bonding process between a 200 mm full sheet SOP and a rigid carrier. The SOP is first
put under tension by a chuck applying a force of the flexible substrate backside. Then the taut sc-Si thin film is put in
contact with the receiving wafer.

Once the transfer feasibility was demonstrated, a second stage was designed to transfer strained Si pat-

terns. It is actually a bulge test apparatus re-purposed to that end, with a bulge diameter of 30 mm. In this

case, the SOP is mounted with the Si facing the inside of the chamber. The chamber is evacuated instead of

being pressurized, which has the double advantage of presenting a convenient positioning of the receiving

substrate and maintaining a clean atmosphere. The primary vacuum does not prevent water from being

present at the bonding interface. The strain/bulge height relations presented in chapter 3 are valid for a

free surface.

The height of the receiving die can be finely adjusted by using a spacer underneath it (such as another

(725±2)µm thick die).

Vacuum

sc-Si film

Polymer substrate

Cap

Bulge test stage

Gaz valve

2a

Patm

Oxidized die

sc-Si film

Polymer substrate

Cap

Bulge test stage

Oxidized die

(a) (b)

Figure 4.3: Bulge test stage modified to allow the direct bonding of the sc-Si film from a SOP to a die

144



CHAPTER 4. Transfer of a strained film onto a rigid substrate

4.1.3 Characterization

4.1.3.1 Bonding interface of a re-transferred thin film

Usual techniques to monitor a bonding interface are IR imaging during the bonding and SAM for a more

precise observation after the bonding. In the case of a bonding of SOP on a rigid substrate, IR imaging is

not required as the polymer substrate is transparent and a standard visible camera can be used to monitor

the closing of the interface. SAM does not have a sufficient resolution to observe the bonding interface of a

205 nm film. After the transfer, the distinctive color of the silicon thin film allows the transferred film to be

observed with an optical microscope. [Mirshafieyan and Guo, 2014] As described in chapter 2, ellipsometry

can be used to probe the thickness of different layer. Knowing the optical indices of silicon and silicon

dioxide, the experimental phase and intensity of reflected polarized light can be compared to a model to

confirm the transfer of a given silicon thickness.

4.1.3.2 Evaluating the strain in a re-transferred thin film

Additional characterization steps are required to measure the strain of the transferred silicon layer. Raman

spectroscopy and µLaue were used, as presented in chapter 1 and 3.

Raman spectroscopy

The Raman spectrometer is mounted on a confocal microscope, i.e. the depth resolution on the order

of the wavelength, thus it could distinguish the surface bonded silicon film from the bulk silicon receiv-

ing substrate. As shown in figure 4.4, either in depth scan were performed (along z-axis) or scan along a

transverse cut (x-axis scan).

SiO2 5µm
sc-Si (205 nm)

Si (700µm)

Z-axis scan

X-axis scan

Confocal laser beam
  (2µm beamsize)

Figure 4.4: Raman analysis of of sc-Si film reported on a oxide layer by direct bonding. The Z-axis is possible thanks to
the confocal microscope used with the Raman spectrometer

The Raman lateral and vertical resolution is 2µm and the laser absorption coefficientα is 3.27×103 cm−1

in Si [Green and Keevers, 1995]. Intensity at a given depth z is given by Lambert law (equation 4.1), with I

the intensity and IO the initial intensity.

I = I0e(−αz) (4.1)

The characteristic absorption depth at which I = I0/e is equal to 3.058µm. SiO2 is fully transparent at this

wavelength [Gao et al., 2013]. It confirms that confocal Raman spectroscopy is a perfectly valid method to

analyze the type of structure presented here and that the laser beam absorption by the silicon or oxide is

not a concern. It implies that the less intense signal from the silicon film cannot be discriminated from

the bulk silicon signal in the case of a receiving wafer with a SiO2 thickness below 1µm. Thus, Raman

stress analysis was only performed on film reported on a 5µm thick SiO2 layer, thick enough to separate

the surface film from the bulk substrate. Figure 4.5 displays the intensity of the Raman silicon peak as a
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function of microscope height for a 205 nm silicon film on a 5µm thick SiO2 layer on a bulk Si substrate.

There are two local maxima, the most intense one corresponds to the bulk silicon substrate while the less

intense one at the surface (Z = 0) corresponds to Si thin film. The distance between the two peaks is smaller

than 5µm as the refractive index of SiO2 is larger than 1 (1.4761 at the He-Ne laser wavelength [Gao et al.,

2013]).
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Figure 4.5: Silicon Raman peak intensity as a function of microscope height during an in-depth scan with a confocal
microscope. The analyzed stack is composed of a 205 nm thick silicon film on a top of a 5µm thick SiO2 layer deposited
on a bulk silicon wafer

uLaue diffraction

Micro Laue X-ray Diffraction, as presented in chapters 1 and 3, offers a direct and precise measurement

of the silicon deviatoric strain tensor. In the stacks studied here, signal of a thin silicon film and a bulk

substrate are easily distinguishable as long as both crystals are not perfectly aligned. Figure 4.6 presents

a Laue pattern of a silicon thin film on an oxidized silicon substrate. The two silicon surfaces are (001)

oriented and thin film present a 45° rotation in the (001) plan relatively to the silicon substrate. It allows

a clear distinction between the two Bragg peaks position on the Laue patterns. Moreover, silicon thin film

Bragg peaks are less intense as seen in figure 4.7. Both Laue patterns are processed using the LaueTools

software suite to obtain crystal strain and orientation [Ulrich et al., 2011; Micha and Robach, 2010, 2020].

Figure 4.6: Laue pattern of a 205 nm thick sc-Si film on an oxidized bulk silicon carrier. Red circle indicates bulk silicon
Bragg spots while blue circles are for thin film contribution.
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Figure 4.7: Bragg peak of a bulk silicon substrate (saturated intensity) next to less intense zone axis of a strained silicon
thin film

4.2 Preliminary studies

4.2.1 Optimal surface state

To assess the feasibility of a silicon thin film transfer using direct bonding, an assembly composed of a SOP

held by a rigid carrier and an oxidized silicon wafer was evaluated. The two wafers are bonded at RT and

then annealed at 200 °C for 2 h. Figure 4.8 presents the two stacks evaluated along with SAM images of the

bonded pair interfaces. Both stacks presents a defect free zone in the center while almost none of a 20 mm

wide ring in the outer diameter is successfully bonded. On the outer diameter, the BSI glue thickness is

lower than in the central zone. It prevents the contact of the two wafers and leads to a large un-bonded

area. Usually the bonding wave can be initiated by applied pressure on a wafer edge. This was not possible

for these stacks as only a pressure in a central point could initiate the bonding. The main takeaway infor-

mation is that the silicon surface post-transfer on glue is compatible with direct bonding, confirming that

the surface roughness is low enough after a first transfer on glue. Also even if an hydrophobic AS coating

was previously present on the sc-Si surface, a UV/O3 treatment was sufficient to remove it and allow an

hydrophilic direct bonding.

Moving to a sc-Si film on flexible substrate, i.e. without carrier, and assuming that the silicon surface

roughness was not affected, the main challenges are to obtain an hydrophilic surface and a low particle

contamination. A 10 min UV/O3 treatment changes the water contact angle from (107±5)° to (3±1)°.
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(a) (b)

20 mm20 mm

 
B1 Glue on SOI
AS on carrier

 
B2 Glue on Carrier

AS on SOI

sc-Si(205nm)
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SiO2 
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Figure 4.8: SAM images of a rigid SOP structure bonded to an oxidized silicon wafer (a)SOP manufactured from stack
B1 with an Anti Stiction (AS) layer in between a BSI layer and the rigid carrier (b) SOP manufactured from stack B2 with
an Anti Stiction (AS) layer in between a sc-Si thin film and a BSI glue layer
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Figure 4.9: Water contact angle of a silicon wafer coated with an AS as a function of exposition time to UV/
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In the case of flexible SOP with Furukawa tape as a substrate, the same observation is made. However

the increase in temperature associated with UV/O3 exposition (80 °C) induces an important dilatation of the

substrate and degradation of the UV-sensible polymer. For 200 mm diameter films transferred on Furukawa

tape this causes the apparition of cracks in the silicon film as presented in figure 4.10. To avoid overheating

during the removal of organic contamination, the cleaning can be divided in several steps to let the tool and

structure cool down (e.g., 2 min of UV/O3 exposition followed by 2 min rest time and repeated 5 time). The

obvious downside is a major increase in processing time while requiring more manipulations. The kinetic

is also slower and shorter steps cannot be performed without an increase in final water contact angle. For

patterned sc-Si films, i.e. with small surfaces and chemically smoothed edges, a single 10 min step could

be used. This underlines that rough edges and large surfaces plays a major role in cracks apparition during

heating of the polymer substrate.

20 mm
Figure 4.10: Snapshot of 205 nm thick silicon film on a Furukawa dicing tape held by a metallic frame. Cracks appeared
after a 10 min UV/O3 exposition.

No additional cracks appear after particle decontamination. The configuration of the structure (SOP

on frame) forbids the use of standard metrology tools for particle contamination, however the use of this

method has been validated in previous studies [Sanchez et al., 2018].

4.2.2 Surfaces contacts

Initial observations showed that small flakes of silicon could be transferred to an oxide layer by manually

laminating a 205 nm thick SOP on the substrate. It proved that sc-Si surface was locally suitable for a trans-

fer via direct bonding. Given the flexible nature of the polymer substrate, a good quality bonding cannot be

performed by simply putting the SOP and rigid substrate in contact. Contrary to classic wafer bonding, the

weak interactions at RT are not sufficient to overcome the local curvature. The full sheet bonding stage pre-

sented previously in figure 4.2 allowed obtaining a sufficiently flat surface for the SOP to bond macroscopic

area of silicon film to the oxide. The bonding interface is strong enough to dismount the Furukawa polymer

substrate from the sc-Si film using an acetone bath at RT as shown in figure 4.11 (a). Around 55% of the sc-Si

film is transferred on the rigid carrier The resulting stack is annealed at 300 °C for 4 h and cleaned with an

acetone bath. Micrograph of a macroscopic silicon flake before and after these steps are presented in figure
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4.11 (b) and (c).

(b) (c)
100 µm100 µm

(a)

Si SiSiO2SiO2

Figure 4.11: (a) Snapshot of a 205 nm thick sc-Si film (pink) partially transferred from a Furukawa dicing tape to 5µm
thick silicon dioxide layer (b) Micrograph of the reported sc-Si thin film after bonding and mechanical removal of the
dicing tape (c) Bonded sc-Si thin film after thermal annealing and chemical cleaning

The stack was cleaved and analyzed using Raman spectroscopy on the exposed side. Figure 4.12 is a

side-view micrograph of the stacks. A two dimensional Raman mapping (x-y axis) was performed on this

sample, the mean Raman peak intensity and corresponding strain are presented in figure 4.13 (a). Both

silicon substrate and silicon thin film contribution are distinguishable in the intensity curve. The two max-

imum are separated by 5µm, which corresponds to the thickness of the oxide layer. Silicon Raman peaks

of the substrate and silicon film are represented in figure 4.13 (b). A 0.71 cm−1 red-shift is observed for the

sc-Si peak relative to the substrate peak which acts as an internal reference. It corresponds to a 0.09% bi-

axial tensile strain. It is a low value but significant with our set-up. Especially since the sc-Si is initially in

compression on the flexible polymer substrate. No increase in peak width is observed, hinting at a good

crystalline quality.
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Figure 4.12: Micrograph of 205 nm thick sc-Si layer bonded on a 5µm thick silicon dioxide layer.
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Figure 4.13: (a) Profile of silicon Raman peak intensity and biaxial strain for a 205 nm silicon filmed bonded on a 5µm
thick oxide layer. The thin film is situated at x = −1µm(b) Raman peaks from the bulk silicon substrate and from the
bonded sc-Si thin film.
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A Raman depth-scan was also conducted on the same sample. Results are presented in figure 4.14.

The sc-Si peak intensity is larger than in the side-cut scan, since the film covers entirely the micron-sized

laser spot (as opposed to a thin slice in side-view). Comparison between the substrate and thin film yields

a red-shift and strain level comparable to the one extracted from the side mapping (0.10 % and 0.09 %,

respectively). The confocality of the microscope was sufficient to avoid any contribution of the thin film

while probing the internal bulk silicon reference.

The full sheet bonding stage proved that macroscopic area of silicon could be transferred using direct

bonding but the strain level are low. Furthermore, the preparation of a full sheet SOP proved to be difficult

and time consuming to achieve a crack free surface suitable for direct bonding. Smoother edges would

likely prevent some of the encountered issues.
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Figure 4.14: (a) In depth profile of silicon Raman peak intensity and biaxial strain for a 205 nm silicon filmed bonded on
a 5µm thick oxide layer (b) Raman peaks from the bulk silicon substrate and from the bonded sc-Si thin film.

4.3 Direct bonding of strained silicon film

Previous results exposed the feasibility and difficulties of direct bonding of SOP structures. Here we will

present transferred film with significant strain level using the lithographed patterns introduced in chapter

2).

4.3.1 Crystalline state after transfer

Single 205 nm silicon patterns were transferred using the kapton cut-out method (presented in chapter 2)

on a 200 mm tape. It allows to perform the cleaning and surface preparation process on single patterns. It

removes any downtime prior to the actual bonding, ensuring optimal surface state. The adapted bulge state

was used to induce strain and optimize surface contact between the flexible SOP and 20 mm×20 mm oxi-

dized die placed at the bottom of the bulge stage. The bonding was performed at RT. Placing the bulge stage

on a hot plate proved to enhance surface contact but also increased the silicon/polymer adhesion. Around

60% of the patterns surface was transferred on oxidized die. A micrograph of transferred silicon pattern are

presented in figure 4.15. Microscopic silicon flake are delimited by cracks separated, flake characteristic

dimension are ranging from 20µm to 550µm with a distribution centered around 80µm.
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Figure 4.15: Micrographs (a,b) and picture (c) of a strained silicon film reported on a 145 nm thick SiO2 layer.

Transferred films were directly analyzed withµLaue as the thin oxide (145 nm) excluded Raman analysis

with our set-up. Figure 4.16 shows the mapping of the diagonal strain tensor component for both silicon

bulk substrate and silicon thin film in the case if the transferred disk. Here no cracks were visible with an

optical microscope. Strain gradients can be observed in the silicon film but overall the mean strain value is

close to zero. A small tensile strain is observed in the (001) plane of the bulk silicon substrate. The probed

depth is ranging from about 20µm to about 2 mm depending on the X-ray energy [Chantler et al., 2005], the

strain observed in the substrate is not due to the oxide or silicon layer on the surface.
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Figure 4.16: Disk sample: (Top) Diagonal component of the strain tensor of a 205 nm thick sc-Si thin on a oxidized
wafer. (Bottom) Strain tensor diagonal component of the bulk silicon carrier (note the different colorscale). Data were
obtained from Laue pattern indexation

A second sample was evaluated, similar to the previous one except for the shape of the silicon pattern,

i.e., ribbon instead of a disk. Figure 4.17 presents a micrograph of the probed area.

Figure 4.17: Micrograph of strained silicon film bonded on an oxidized bulk silicon wafer

The mapping of the diagonal strain component for both silicon thin film and substrate is presented in

figure 4.18. The white bands are due to a loss of x-ray beam during acquisition. Here a significant biaxial

tensile strain is present in the transferred thin film. The mean value is equal to 0.07 % but strain gradient are

clearly visible on the edges of silicon flakes. Strain concentration is visible on a corner of the central flake,

especially for ε22 component. The maximum local biaxial strain is 0.48%. Given the diameter of the bulge

and the depth of the stage (a=20 mm, h = 2.825 mm and h0 <= 1 mm), the theoretic maximum strain in the

bulge center can be calculated using equation 3.7 [Small and Nix, 1992]. The theoretical strain ranges from

1.1 to 1.3 %, which is significantly higher than the strain reported here. However, taking the experimental

local silicon strain value during a bulge test of the same height, as presented in chapter 3, the local silicon

strain is in the same range (between 0.46% and 0.52%). This tends to indicate that the strained film was

successfully transferred, without any significant relaxation.
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Figure 4.18: Ribbon sample: (Top)Diagonal component of the strain tensor of a 205 nm thick sc-Si thin on a oxidized
wafer. (Bottom) Strain tensor diagonal component of the bulk silicon carrier. data were obtained from Laue pattern
indexation

A profile of the in-plane diagonal strain components along a sample diagonal is displayed in figure 4.19.

A clear decrease in strain is observed near flakes edges. In the large flake (≈ 150µm) the biaxial character

of the strain is stronger but maximum strain along a given direction does not go above 0.45 %. Whereas in

a smaller flake (≈ 40µm), there is an important difference between the ε11 and ε22 values,and ε22 reaches

up to 0.7%. The inhomogenity is probably linked to the higher form factor of the smaller flakes. At smaller

dimension, less energy is present in the film to drive strain relaxation.
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Figure 4.19: In plane biaxial strain profile of the ribbons sample after direct bonding on an oxidized silicon carrier wafer

Finally a mapping of crystal rotation is presented in figure 4.20. No undulation are observed for the θ

and ψ rotations. It indicates that the two surfaces were flat and well aligned at the moment of contact. A

smallφ rotation can be observed for the smaller flakes, although it is homogeneous on single flake surfaces.

Without in situ measurement it is not possible to determine if it caused or was a result of the silicon film

fracture.
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Figure 4.20: Euler angles of the strained sc-Si film reported on an oxidized bulk silicon wafer via direct bonding

Conclusion

This chapter exposed how to adapt a direct bonding process to transfer a strained silicon film from a flexible

polymer substrate to a rigid substrate in order to obtain a permanently strained silicon film. First, efforts

were made to develop a surface preparation process to obtain a suitable bonding interface between a sc-Si

film on a flexible substrate and a rigid standard oxidized silicon wafer. Surface roughness of the transferred

films already met the requirement as they were obtained from commercial SOI. The transfer process did

not alter the surface roughness in a significant way. Moreover the use of a compliant substrate suppresses

any influence of larger scale surface height variation. The main achievement was to obtain an hydrophilic

silicon surface on the flexible silicon film despite using an hydrophobic coating during the thin film elabo-

ration process. The use of metallic frames allowed simple handling of the samples and access to standard

industrial tools.

Then a modified bulge test apparatus proved that a sc-Si thin film can be transferred via direct bonding

at RT while retaining a significant biaxial strain. As opposed to the bonding of two rigid wafers, low temper-

ature bonding cannot occur in this case without the application of an external force to close the interface.

Resulting maximum biaxial strain was significant (0.4%) but smaller than what has been achieved during

stand-alone uniaxial (3.1 %) or biaxial tensile tests (1.5 %).

Further developments are needed to achieve higher permanent strain and to transfer larger homoge-

neously strained surface. Thus, these preliminary results set the path for a scalable method to produce

strained silicon film with a tunable strain tensor. Additional characterizations are also needed to observe

the sc-Si strain evolution during the bonding step. This can be done with X-ray Diffraction or a different

Raman set-up than the one used here. By using polarized light, Raman spectroscopy can be used to char-

acterize silicon layers separated by hundreds of nanometer of SiO2 [Kurosawa et al., 2011; Loechelt et al.,

1999]. Another possibility is to use a UV laser and to immerse in the glycerin a high numerical aperture

objective lens [Moutanabbir et al., 2010]. The next chapter will detail the transfer of another material of
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interest, showing the versatility of the transfer process presented here.
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Introduction

The last three chapters were dedicated to the transfer, deformation and direct bonding of strained silicon

thin film. Motivations to develop a process based on the transfer on a polymer flexible substrate using tem-

porary polymer bonding were to lift the usual limitations associated with the manufacturing of strained

semi-conductor films (e.g., epitaxial growth or stressor layer use). A first proof of concept was presented for

sc-Si films. To illustrate the versatility of the process, it was applied to different stacks containing aluminium

nitride thin film. This work is the result of a collaboration with Edy Azrak, a post-doctoral researcher in our

team. C-axis oriented AlN thin films were deposited on a Si substrate, and then double-transferred onto a

flexible and stretchable substrate, resulting in AlN On Polymer (AOP). The transfer process was also applied

to AlN based devices. In-situ Raman spectroscopy on a tensile stage was used to probe the nominal macro-

scopic strain externally applied to the AOP assembly. Raman strain and stress factor could be extracted for

uniaxial and biaxial tensile stress.

5.1 Aluminium-Nitride transfer on flexible substrate

5.1.1 Material and applications)

Aluminium-Nitride (AlN) is a commonly used piezoelectric material for many MEMS as actuators [Gior-

dano et al., 2009], radio-frequency filters [Piazza et al., 2007], and energy harvesters [Fei et al., 2018]. In-

deed, AlN has a high resistivity, a large breakdown voltage [Aardahl et al., 1999], and a low dielectric loss

compared [Kume et al., 2007] to other piezoelectric materials e.g., ZnO [Look et al., 1998] or Pb(Zr,Ti)O3

[Gubinyi et al., 2008; Chen, 1996]. For microelectronic applications, AlN is usually obtained with epitaxial

growth techniques [Wang and Yoshikawa, 2004] or sputtering [Brien et al., 2007]. It presents an hexagonal

wurtzite crystal structure. Theoretical studies show that straining piezoelectric crystals can induce a non-

linear piezoelectric response, resulting in an increase of the piezoelectric constants [SHIMADA et al., 1998].

The strain effect on the piezoelectricity was observed experimentally for strained cadmium telluride (CdTe)

crystals [Cibert et al., 1992].

5.1.2 AlN fabrication Method

A schematic of AlN-layer double-transfer to the flexible substrate is shown in figure 5.1. Polycrystalline

(0002)-oriented AlN (Wurtzite) thin-films have been deposited on 200 mm Si (100) substrates using mag-

netron reactive pulsed DC sputtering at 350 °C (figure 5.1(a)). The AlN thickness is ranging from 200 to

1600 nm. The morphology of the AlN layers was studied with both SEM and AFM. Figure 5.2 displays

SEM images for different AlN thickness after sputtering. Nanometric cristallites are visible and their lateral

size increase with film thickness, the mean diameter is equal to 30 nm. Despite a preferential orientation

along the c-axis, this methods yields highly poly-crystalline material. The surface roughness increases from

0.74 nm RMS to 4 nm between 200 nm and 1600 nm-thick layers (10µm×10µm AFM topographic scan).

This also indicates an inhomogeneous crystallite growth.
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Figure 5.1: Schematic illustration of the fabrication steps. (a) AlN deposition at 350 °C, the deposited thicknesses are
200 nm and 1600 nm. (b) bonding a Si carrier coated with an adhesive glue onto the AlN surface at 210 °C. (c) grinding
and etching the Si substrate. (d) bonding the Si carrier (carrying the AlN thin-film) on a flexible substrate (i.e., dicing
tape). (e) debonding the Si carrier.

(a) (b)

(c)

Figure 5.2: SEM images of C-axis oriented AlN films deposited on a silicon substrate for different layer thicknesses: (a)
200 nm (b) 800 nm(c)1600nm. Images provided by Joël Eymery (CEA IRIG, Grenoble)
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X-ray rocking curves of the AlN 0002 Bragg reflection are presented in figure 5.3. It illustrates the c-axis

preferential orientation. The FWHM is inversely proportional to the film thickness. It decreased from 0.26

to 0.20° for an increase from 200 nm to 1600 nm in thickness. This indicates a strengthening of the C-axis

preferential orientation at higher thicknesses. These FWHM values are one order of magnitude higher of

what can be observed in molecular beam epitaxy grown crystals [Wang and Yoshikawa, 2004].
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Figure 5.3: AlN 0002 Bragg peak for different film thickness obtained with PVD. Data courtesy of Nicolas R. Vaxelaire
(CEA-Leti, Grenoble)

We then performed a temporary bonding on a 200 mm Si (100) carrier wafer. First, a 40µm-thick organic

glue BSI is spin-coated on the Si carrier, then it is temporarily bonded onto the AlN surface (figure 5.1(b)).

The temperature and the force used to achieve a polymer bonding of sufficient strength are still 210 °C and

6 kN. The Si substrate used for the growth is then removed by a combination of mechanical grinding and

chemical etching (figure 5.1(c) and 5.4). After grinding and etching the Si substrate, the AlN backside (the

growth side) is exposed. AlN is used as an etch stop layer for the HF/HNO3 solution. Compared to the

transfer of sc-Si films presented in chapter 2, an oxide layer is not necessary. Then, the exposed AlN thin-

film was bonded to a metal-framed, 230µm thick adhesive tape (Furukawa SP-537T-230), as shown in figure

5.1(d). Finally, the carrier and the glue layer were manually dismounted, leaving the AlN thin-film on the

surface of the adhesive tape i.e., AOP (figure 5.1(e)). The adherence between the AlN thin-film and the glue

is weaker than between the AlN and the tape. This is the result of a spin-coated AS nanolayer (≈ 5 nm)

located between the glue and the AlN thin-film.

The quality of the interface after the glue bonding and after the grinding processes was assessed by SAM.

The marks (dark contrast area) on both sides (left and right indexed by two red arrows in figure 5.4(a)) of

the wafer are caused by the bonding tool and do not affect the following steps of the process. As already

described, the main Si substrate used for the growth is mechanically thinned after being bonded to the Si

carrier. Figure 5.4(b) and 5.4(c) show the interface after a coarse (down to 200µm thickness) and a fine

grinding (down to 50µm thickness) respectively. The outermost circular regions of the wafer change their

contrast after the grinding procedures, this may be caused by non-uniform thicknesses of the glue and the

Si main substrate. Nonetheless, these morphological defects do not harm the rest of the fabrication flow.

A wet chemical etching removes completely the remaining Si layer using HF/HNO3 mixture. Figure 5.4(d)

shows a photograph of the carrier substrate after the chemical etching of the growth substrate. At this stage,

the top layer is the AlN thin-film located directly on the glue layer of the Si carrier. In a first step, the flexible

substrate (i.e. adhesive tape) is adhered on a metallic ring-frame. Second, the carrier wafer holding the AlN

thin-film on its top is mounted on the flexible substrate (or polymer) as shown in figure 5.1(d). The AlN layer

gets bonded on the surface of the flexible substrate. Third, the carrier is manually removed, thus, leaving

the AlN thin-film on the tape (figure 5.1(e)). As shown in 5.5(a,b), 200 nm and 1600 nm thick AlN films have

been successfully transferred onto flexible substrates. 800 nm thick AlN films were also transferred but are
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not illustrated here.

Figure 5.4: SAM images (a,b,c) and photograph (d) showing the results after polymer bonding, grinding and etching
processes. (a) SAM image after the temporary carrier bonding The two red arrows show two defects produced by the
bonding machine (b) SAM image after the coarse grinding process of Si to 200µm. The acoustic frequency is 140 MHz.
(c) SAM image after the fine grinding process of Si to 50µm. (d) photograph after etching completely the Si substrate,
leaving a 200 nm thick AlN thin-film on the organic glue layer.
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Figure 5.5: Snapshots of AOP, with AlN thickness of (a) 200 nm, (b) 1600 nm. The diameter of both transferred thin-films
is 200 mm

Additionally, devices based on AlN were transferred on a Furukawa dicing tape. A snapshot of the trans-

ferred wafer is displayed in figure 5.6. Further electrical characterizations showed that the devices were

functioning after the transfer on a flexible substrate. Detailed results are not available due to confidentiality

concerns and go beyond the scope of this thesis. Nevertheless it shows the versatility of the transfer process

as issues can often arise with stress built-in during the MEMS fabrication process [Argoud, 2012].

Figure 5.6: Snapshot of a 200 mm wide MEMS wafer transferred on Furukawa dicing tape and held by a metallic frame.

5.2 Controlling and measuring strain in AlN on Polymer structures

5.2.1 Tensile tests

Raman spectroscopy was used as a fast and simple technique to probe the vibration modes of the AlN thin-

films, and thus indirectly their strain/stress state [McNeil et al., 1993; Gleize et al., 2003; Yang et al., 2011].
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We focus on the shift of the E2 (high) mode peak position, which has been demonstrated to be sensitive

to the strain state of the AlN crystal [Sarua et al., 2004; Trodahl et al., 2006]. The experimental set-up is

described earlier in this thesis, as it was used for SOP sample characterization (see subsection 3.1.4). For

tensile tests, samples of AOP are cut as rectangles of 1 cm×4 cm. A reference measurement is first done on

a 200 nm-thick AOP as-cut sample (blue curve in figure 5.7(a). Then, the MicroMecha uniaxial tensile stage

was used to apply a uniaxial stretch of the sample at a speed of 30µm/s, with a step-size of 500µm, and a

maximum elongation length of 2500µm. The stretching was stopped at each steps to measure the E2 (high)

peak, as shown in figure 5.7(a). Note that the Raman peaks are much broader compared to SOP samples

due to the polycristalline nature of the AlN layer. A redshift of the peak is observed with the increase of

the sample macroscopic strain. The E2 (high) peak position is plotted in figure 5.7(b) as a function of the

applied strain. The peak shift indicates a deformation of the AlN crystallographic structure, by a simple

uniaxial elongation of the polymer substrate. Cracks were visible on the sample surface.

0 2 4 6 8

Macroscopic strain (%)

653.50

653.75

654.00

654.25

654.50

654.75

655.00

Pe
a
k 

p
o
si

ti
o
n
 (

cm
1
)

(a) (b)

Figure 5.7: In-Situ Raman spectroscopy measurement for AlN controlled straining. (a) the characteristic peak E2 at
655 cm−1 of AlN variation function of different macro-strain values starting from 0% to 8%. (b) the E2 pic position shift
versus the macro-strain.

This initial observation showed that significant strain can be induced in the AlN layer by applying an

external force on the AOP assembly. Different teams have studied the Raman stress factor to quantify the

strain and stress in an AlN layer with the shift of the E2 (high) phonon mode [Prokofyeva et al., 2001; Yang

et al., 2011]. However these previous studies have been limited to biaxial stress study and no coefficient

linking uniaxial stress to the shift of a phonon mode frequency is available in the literature. Nevertheless

these results confirm that this method is a more straightforward method to tune in fine the properties of

AlN thin-films (specifically the piezoelectric coefficients) than by using buffer layers.

5.2.2 Evaluation of Raman Raman-stress factor

5.2.2.1 Sample fabrication

In order to determine precisely the local AlN stress without relying upon AlN Raman stress factor literature

values, a 205 nm thick silicon layer was used as an internal reference underneath the AlN layer. A 800 nm-

thick AlN layer was deposited on a patterned SOI wafer. This thickness provided exploitable Raman signal

while keeping the force needed to stretch the whole assembly in an acceptable range. The transfer process

presented in figure 5.1 was then applied to the AlN covered patterned SOI. The result was a 800 nm thick

AlN layer on 205 nm thick sc-Si patterns with Furukawa dicing tape as a flexible substrate. Finally disks and

ribbons tensile test samples are cut around the silicon patterns. The AlN layer is not patterned and thus is

directly cut during tensile tests sample preparation. Its poly-crystalline structure prevents full fracture of

the layer during the cutting process. Snapshots and schematics of the sample are presented in figure 5.8.

Macroscopic silicon pattern are visible under the AlN layer.
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Figure 5.8: Snapshots and schematics of the fabrication of a AlN/Si/Furukawa tape flexible structure

5.2.2.2 Results

Figure 5.9 presents a Raman spectrum of AlN on Silicon flexible sample. The crystallinity of the silicon

implies a much sharper and intense Raman response but the two peaks are distinguishable with a single

acquisition and no movements of the grating in the spectrometer.
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Figure 5.9: Raman spectrum of a 205 nm thick Si layer transferred along with a 800 nm thick AlN layer on a flexible
Furukawa dicing tape. Peaks mark with a * symbol correspond to polymer substrate contribution.

A uniaxial tensile test is performed on this sample, the position of the two phonon mode response

are presented in figure 5.10(a) as a function of macroscopic strain. A strong correlation between the Ra-

man shifts is observed in figure 5.10(a). A linear regression is performed on the first four points of the

curve to extract a Raman strain-factor of the initial loading part (figure 5.10(b)). A Raman strain factor of

-5±0.4 cm−1/% is obtained. Ideally the Raman stress-factor could be computed thanks to the generalized

Hookes’s law and compared to existing literature value for biaxial loading. However, in the case of uniaxial

tensile strain, the texture of the layer is process dependent and any comparison with existing values is dif-

ficult. The elastic constant in a given sample direction does not necessarily match specific crystal value as

the crystallites are rotated in the (0001) plane with respect to each other. Nonetheless the approach remains

valid for a given material for comparison purposes. In order to obtain a universal value, the same process

can be adapted to a layer with a well defined in-plane orientation and a higher crystalline character.
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Figure 5.10: (a) Silicon and AlN Raman peak position as function of uniaxial macroscopic strain for a Si/AlN/Furukawa
flexible structure (b) AlN E2 (high) mode as a function of local silicon strain for the initial linear tensile curve. The data
point are the first four of the linear part of curve (a)

To asses the validity of our approach through a comparison with literature values, bulge tests were per-

formed on similar samples (800 nm AlN/205 nm Si/Furukawa). A post-mortem snapshot of a biaxial sample

in the bulge stage is presented in figure 5.11(a). Under the application of differential pressure on the bulge,

a red-shift was observed as seen in figure 5.11(b) for both AlN and Si contributions. The signal from the AlN

layer is low as acquisition time were kept short to avoid the loss of focus associated with the creeping of the

polymer substrate.
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Figure 5.11: Bulge test results of a flexible AlN on silicon structure.(a) Bulge stage with a fractured AlN on silicon on
polymer sample (b) Raman spectra for a Si/AlN/Furukawa structure subjected to a bulge test. Signal is acquired in the
bulge center

The results from two similar samples are summarized in figure 5.12. The AlN E2 (high) mode shift is

plotted against the local silicon strain extracted from the silicon peak shift. A linear fit yields coefficient of

16.8 ±0.4 cm−1/% and 14.5 ± 0.3 cm−1/%.
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Figure 5.12: AlN E2 mode as a function of local biaxial silicon strain induced with a bulge test.

Now assuming that the strain of the silicon and AlN layer are similar, one can deduce the AlN stress from

the generalized Hooke’s law :

σ|| = (c11 + c12 −
2c2

13

c33
)ε|| (5.1)

where σ|| is the in-plane biaxial stress, ε|| the in-plane biaxial strain and c11, c12, c13 and c33 the elastic

stiffness constants. This hypothesis needs validation. A first unsuccessful attempt was made using Micro

Laue X-ray Diffraction to probe both Si and AlN strain simultaneously. Signal acquisition of the AlN layer

was challenging and further experiments will be made to overcome the initial issues.

Using the results presented in figure 5.12, the equation 5.1 and a set of elastic coefficients: 410, 140, 100

and 390 GPa [Deger et al., 1998], for c11, c12, c13 and c33, respectively, the Raman shift of the E2(high) AlN

phonon mode can be represented as a function of AlN biaxial stress.

The AlN Raman shift is then represented as a function of the calculated AlN biaxial stress in figure

5.13 for the two samples. Two Raman stress-factors can be obtained by fitting the respective datasets, i.e.

−3.9 cm−1/GPa and −3.3 cm−1/GPa. These results are highly dependent on the set of elastic constant. For

example using 410, 140, 100 and 190 GPa [Davydov et al., 1998], for c11, c12, c13 and c33, respectively, would

yield −4.9 cm−1/GPa and −4.2 cm−1/GPa Raman stress factors.
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Figure 5.13: AlN E2 phonon mode shift as a function of biaxial stress in the 800 nm thick AlN layer. AlN and silicon
strained are assumed equal and the strain is computed from the Raman silicon shift. AlN stress is calculated using
elastic stiffness constants from [Deger et al., 1998]

The mean value obtained with elastic constants from Deger et al. is presented with other values from the

literature in table 5.1. The experimental value obtained here is well within the range of previous work. This
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value dispersion comes from the different elastic coefficients used, which in turn are very dependent on the

AlN growth technique [Österlund et al., 2019]. Indeed, the growth technique, and even the growth recipe

for a given technique, has a strong influence on the crystal quality, texture and dislocation density [Yang

et al., 2011]. Furthermore different methods were used to induce strain in AlN films: wafer bending [Sarua

et al., 2004], lattice parameter mismatch with a buffer layer [Gleize et al., 2003], AlN layer thickness variation

[Prokofyeva et al., 2001], changes in growth parameters [Trodahl et al., 2006] and layers with different CTE

underneath AlN [Yang et al., 2011]. Most of these methods require the preparation of multiple samples,

down time in-between data acquisition and additional strain characterization techniques such as XRD. All

this requirements induce uncertainty in the measurement mainly because of thermalization issues that

are time and material dependent. The Raman biaxial stress-factor found in this work is comparable to the

values found in the literature and our method requires only one sample and a single continuous acquisition

with an internal silicon reference sample. This eliminates a lot of uncertainty and simplify the process. To

ensure an even more precise measurement, a stiffer substrate would be needed to decrease creeping and

relaxation phenomena, enabling longer acquisition time. The methods we applied on a sputtered AlN layer

can be adapted to other crystalline semiconductor or piezoelectric material as long as they can be grown or

deposited on a silicon wafer, used as an etch stop layer and undergo our transfer process.

Reference Raman stress factor
(cm−1/GPa)

Fabrication method

[Wagner and Bechstedt,
2000]

−2.56 ab initio calculation

[Trodahl et al., 2006] −2.9±0.3 Sputtering (PVD)

[Sarua et al., 2002] −3 Molecular beam epitaxy

[Gleize et al., 2003] −3.39±0.55 Molecular beam epitaxy

This work −3.6±0.3 Sputtering (PVD)

[Yang et al., 2011] −4.04 Metal organic vapor
phase epitaxy and hydrid
vapor phase epitaxy

[Prokofyeva et al., 2001] −4.5±1.0 Gas-source molecular
beam epitaxy

Table 5.1: Raman-stress factor for AlN thin films obtained in this study and in the literature

Conclusion

As a conclusion, we have successfully transferred adapted our transfer method to (0002) oriented AlN thin-

films and MEMS devices. The process was also adapted to actual devices based on AlN layer, proving its

versatility. In situ Raman measurements of AlN On Polymer samples undergoing uniaxial and biaxial tensile

strains were performed and an increasing shift of the E2 peak position was observed when increasing the

applied uniaxial strain. Thus, the transmission of a controlled deformation from the flexible substrate to

the AlN layer is possible. The use of buried silicon layer as an internal reference allowed to link AlN strain to

the E2 (high) phonon frequency shift. A Raman-stress factor comparable to literature value was determined
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with this method. It can be adapted to determine experimental value of stress factor for a variety of material

and stress configuration. Further X-ray in-situ measurement are needed to validate the hypothesis that

silicon and AlN strains change is the same manner. These results illustrated the versatility of a transfer

process initially developed with silicon thin film and gave an example of an application of our transfer

process. This method can be used for other types of piezoelectric materials such as LiNbO3, LiTaO3 , PZT;

or even semiconductor materials such as GaN, AlGaN, Ge, GeSn. Future work will involve the measurement

of bulk acoustic wave devices fabricated using these thin film strain gauges for the purpose of characterizing

the evolution of the electromechanical properties of the piezoelectric films as a function of strain.
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General conclusion

This thesis explored an alternative and original method to produce strained semi-conductor thin film and

offered a new platform for the study of strain engineering in semi-conductors using flexible polymer sub-

strates. The main issues were to evaluate the possibility of fabricating a permanently strained semi-conductor

thin film using first a temporary bonding and transfer on a flexible polymer substrate and then a direct

bonding step on a rigid substrate.

The first challenge was to transfer sc-Si films of controlled quality and dimension from commercial

SOI onto various polymer substrates. The transfer was achieved by engineering the adherence of differ-

ent interfaces during temporary bonding step. sc-Si films of thickness ranging from 18 nm to 205 nm were

transferred on different types of adhesive flexible structures (glue, dicing tapes, PDMS). Full 200 mm diam-

eter wafer can be transferred as well as millimetric silicon patterns. Selective chemical etching was used to

obtain smooth edge at the nanometer level. Also a control of the release interface during thin film transfer

is essential to transfer film of lower thickness (i.e., 100 nm and below).

Then several experimental mechanical characterization setups for SOP material were used to deter-

mine the influence of fabrication processes on mechanical behavior. Uniaxial and biaxial tensile set-up

were used along local strain characterization techniques, namely XRD, Raman spectroscopy, µLaue and

DIC. The maximum strain achievable was greatly improved by having smoother pattern edges and reached

up to 3.1% for uniaxial sample oriented along [100] direction. On the other hand, decreasing the thickness

of the silicon thin film did not improve the maximum strain. Decreasing the surface area of silicon pattern

can be another method to decrease the elastic energy needed to strain the structure in future study. This

would eliminate any potential surface changes due to different transfer processes while providing a wider

range of dimensions. The strain homogeneity and crystalline quality of SOP samples was also assessed dur-

ing biaxial and uniaxial tensile tests. Overall, samples presented a homogeneous deformation on the whole

silicon surface and no signs of plastic strain was observed. However fractures were often observed in silicon

layers well before the maximum strain was reached. They did not prevent local strain increase but are the

origin of a sublinear relationship between the macroscopic sample strain and local silicon strain. These

results validate the use of a mechanical characterization platform for crystalline semiconductor material

on flexible substrate. This platform was used to improve the mechanical properties of SOP material but one

could use it for various applications in strain engineering or flexible electronics.

Development of this platform also allowed to combine mechanical stretching of SOP material with di-

rect bonding method to obtain a proof of concept of a strained silicon film reported from a flexible polymer

to a rigid oxidized silicon carrier. The use of µLaue allowed one to obtain a precise state of the reported

silicon crystal. A significant strain (up to 0.45%) was achieved on a surface of several square micrometers.

Further studies are needed to determine the origin of cracks in order to increase the surface of pristine

strained film transferred. Different parameters and experimental setups can also be explored to tune the

strain tensor of the reported thin film as it was done for in situ tensile test on flexible substrates.

Finally the application of the transfer process presented in this thesis to AlN layer showed the versatility of

175



General conclusion

the process for semiconductors and piezoelectric materials. The process was smoothly adapted to transfer

sputtered AlN layers of thickness ranging from 200 nm to 1600 nm onto flexible polymer substrates. All the

previous developments for transfer and strain characterization of silicon were used in the case of AlN to de-

termine the Raman stress coefficients. In the case of biaxial stress, the results are in perfect agreement with

the values found in the literature and are obtained in a repeatable way with a minimum number of samples.

Moreover the versatility of our transfer process and mechanical test benches allow one to characterize AlN

under uniaxial stress, something that has yet to be found in the literature.

To conclude, a really versatile process for semi-conductor was presented in this thesis. All the major

steps were validated. Using an intermediate transfer on polymer flexible substrate, a strained silicon film

on oxide was produced. Further studies are needed to increase the final strain level and determine the strain

and bonding interface evolution during the transfer from flexible to a rigid substrate. The detailed transfer

process and the mechanical characterization tools presented in this work should greatly facilitate any fur-

ther development. The high strain values and different strain orientations obtained on flexible substrates

are promising for future production of permanently strained materials. The application of the process to

aluminium nitride offers interesting possibilities as it would be just as easy to adapt it to other piezoelectric

materials or semiconductors (e.g., Ge, GeSn, chLiTaO3(LTO), GaN or AlGaN).
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Appendix A

Strain Characterization

The theoretical basis of the strain characterization method used in this work will be given below. Raman

spectroscopy, X-ray Diffraction, Micro Laue X-ray Diffraction and Digital Image Correlation were used to

probe material strain and stress at different scale and configuration. It is important to understand how

strain is derived using theses different techniques to know the limitation and assumption associated with

the results that will be presented later.

A.1 Raman spectroscopy

Raman spectroscopy is chemical analysis technique which provide information on chemical structure,

phase, stress or strain and impurity. It is based on light interaction with molecules. When an incident

monochromatic light beam interacts with a molecule, photons can either be reflected,adsorbed or scat-

tered. The scattering is in vast majority elastic but a small part of the incident photons go trough inelastic

scattering. Raman spectroscopy relies on the later phenomena. The different interactions are presented in

figure A.1(b). A schematic of a Raman spectrometer is presented in figure A.1(a). A laser beam is focused on

a sample using a confocal lens. The scattered light is analyzed by a grating and collected on a detector to

quantify the photon by wave-number shift with respect to the incident beam. A wave-number is defined as

the inverse of a wavelength is usually expressed in inverse centimeter.
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CHAPTER A. Strain Characterization

Figure A.1: (a) Raman spectrometer schematic [Schmid and Dariz, 2019] (b) Raman interactions

The Raman spectroscopy detects the phonon frequency of the semiconductors by the inelastic scatter-

ing of photons to emit phonons. At the presence of strain, the triply degenerate optical phonons split their

vibrating frequencies, [Sui and Herman, 1993] and the shift of Raman frequency can be observed. Ganesan

et al. detailed the effect of strain or stress Raman modes. The frequency of the three Raman modes can be

obtained by solving the so-called secular equation presented in equation A.1

∣∣∣∣∣∣∣∣∣∣
pε11+q (ε22+ε33)−λ 2rε12 2rε13

2rε21 pε22+q (ε33+ε11)−λ 2rε23

2rε31 2rε32 pε33+q (ε11+ε22)−λ

∣∣∣∣∣∣∣∣∣∣
|= 0 (A.1)

Where εi j are the strain tensor component given in the crystal reference frame where X = [100], Y = [010]

and Z = [001]. p, q and r are material constant, the phonon deformation potential. The difference in Raman

frequency in each mode compared to the unstrained state can be calculated from the eigenvalue λ j , as

detailed in equation A.2:

λ j =ω2
j −ω2

j 0 or δω j =ω j −ω j 0 ≈
λ j

2ω j 0
(A.2)

The polarization direction of each mode, in the presence of stress, is described by the corresponding

eigenvectors of the secular equation.

In the case of uniaxial stress σ along the [100] direction, the strain components are obtained by Hooke’s

law. ε11 = S11σ, ε22 = S12σ and ε33 = S12σ where Si j are the elastic compliance tensor components. Solving

equation A.1 and A.2 leads to :

∆ω1 = λ1
2ω0

= 1
2ω0

(
pS11 +2qS12

)
σ

∆ω2 = λ2
2ω0

= 1
2ω0

[
pS12 +q (S11 +S12)

]
σ

∆ω3 = λ3
2ω0

= 1
2ω0

[
pS12 +q (S11 +S12)

]
σ

(A.3)

So, for back scattering from a (001) silicon surface, only the third Raman mode is observed and the
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relation between the shift of this mode and the stress is given by the third relation in equation A.3 [Wolf,

1996]. Knowing the phonon deformation potential and silicon elastic compliance tensor [Hopcroft et al.,

2010], one can write the relation between the change in frequency of the third raman mode and the stress

or strain:

∆ω3 = bε (A.4)

Where b is a strain/shift coefficient which value depends on the crystal and stress orientation. The

different value found in the literature for (100) silicon under uniaxial or biaxial stress are presented in table

A.1.

Stress Strain shift
coefficient b
(cm−1/%)

Temperature (K) Wavelength (nm) Reference

Uniaxial [110] -337 RT 632.7 [Anastassakis et al., 1970]

-339 RT 647.1 [Chandrasekhar et al., 1978]

-389 110 1064 [Anastassakis et al., 1990]

-336 RT 488 [Peng et al., 2009]

-343 RT 458/364 [Ureña et al., 2013]

Uniaxial [100] -217 RT - [Romain-Latu, 2006]

-260 RT - [De Wolf et al., 1996]

Biaxial -733 RT 488 [Peng et al., 2009]

-723 RT 632.7 [Anastassakis et al., 1970]

-832 110 1064 [Anastassakis et al., 1990]

-715 295 457.9 [Lockwood and Baribeau, 1992]

-815 RT 488 [Tsang et al., 1994]

-455 RT 514 [Meyer et al., 1991]

Table A.1: Coefficient for stress and strain computation from silicon Raman shift as a function of crystal and stress
orientation. These value are given for a (100) oriented silicon surface.

Strain characterization using Raman spectroscopy is based on a first order development and is valid for

small elastic deformation (≈ 1%). For example, with Germanium, a non-linearity in the strain/shift relation

is absorbed that can lead to some over estimation of the strain [Gassenq et al., 2017]. Raman is precise and

fast method to observe strain in semiconductor material although some strong hypothesis are needed to

compute strains value from Raman shifts. This calls for direct methods of measurement to confirm those

hypothesis as x-ray based techniques.

A.2 X-ray diffraction

A.2.1 Monochromatic X-ray Diffraction

X-ray Diffraction (XRD) allows a direct measurement of a crystal strain thanks to Bragg’s Law :

nλ= 2dhkl si n θ (A.5)

Where λ is the wavelength of the incident beam, dhkl the interplannar distance for (hkl) planes and θ the

angle of the incident beam with respect to the crystal surface. To compute the full strain tensor of a crystal,

it is necessary to observe several Bragg’s peaks. In a crystal, the intensity of the peaks is described by the

structure factor :
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Fhkl =
N∑

j=1
f j e

[−2πi
(
hx j +k y j +l z j

)]
(A.6)

where f is the dispersion factor, x j , y j et z j the coordinates of the j indice atom contained in the crystal

lattice expressed in the crystalline system. In the case of silicon, the crystal lattice is a diamond lattice.It’s a

Face Centered Cubic FCC lattice with half of the tetrahedral interstitial sites occupied. In this case, equation

A.6 gives the following extinction rules: (111), (220), (331), (400), (331) and (442).

A.2.2 Micro Laue X-ray Diffraction

With standard monochromatic X-ray diffraction methods a wide range of 2θ angle is needed to obtain sev-

eral Bragg peak and reconstruct a full strain tensor of the crystal. Some technical difficulty arise from this

methods with a thin film on a flexible substrate. Alignment can be difficult to maintain during the time

necessary to collect enough photons. That is why µLaue is a powerful method for SOP mechanical charac-

terization. It’s an historical diffraction method discovered by Max Von Laue. It has long been used only as

an alignment method but regained some interest thanks to polychromatic synchrotron sources In the case

of a perfect crystal.In the reciprocal space, an incident beam has a wave vector
−→
ki and the diffracted beam

has a wave vector of the same length (energy) but of different direction
−→
k f . The Ewald sphere is defined by

the possible extremity of the diffusion vector
−→
Q =−→

k f −
−→
ki .

−→
Q and has the same origin as the reciprocal space

of the crystal. The diffracting planes are the the one intercepting the Ewald sphere (see figure A.2)

Figure A.2: Intersection of Ewald spheres of a polycrhomatic beam with atomic position in the crystal reciprocal space

With a white (i.e. poly-chromatic)incident X-ray beam at a fixed angle, the diameter of the Ewald sphere

will vary between 1/πλmax and 1/πλmi n . This method, discovered by Laue, Friedrich and Knipping in 1912

with the use of a X-ray tube and a CuSO4 crystal. The results is a Laue diagram presenting several diffraction

peak corresponding to the intersection between the Sphere and the crystal plane in the reciprocal space.

The figure A.3 presents a diffraction pattern obtain by Friedrich et al. in 1912 of a ZnS crystal, as well as the

diffraction pattern of a (100) germanium crystal obtained on beamline BM32 at ESRF.
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Figure A.3: (a) Laue diagram of ZnS [Friedrich et al., 1912] (b) (100) Germanium Laue diagram captured on BM32 beam-
line at ESRF

The µLaue provides a measurement of all the components the deviatoric strain tensor as well as the

three Euler angles describing the crystal orientation without any a priori knowledge.

However, an additional hypothesis is needed to calculate the missing hydrostatic part of the strain ten-

sor and thus the full strain tensor [Tardif et al., 2016]. The origin of the phenoma is illustrated in figure

A.4. Here the stress perpendicular to the surface was considered to be null. Using Voigt notation, the σ33

(0,0) (1,0) (2,0)

Deviatoric strain

(0,1)

(0,2) (1,2)

(1,1)

(2,1)

(0,0) (1,0) (2,0)

(0,1)

(0,2)
(1,2)

(1,1)

(2,1)

Hydrostatic strain

Projection sphere
idem

idem

idem

idem

idem

idem

idem

B*

A*

B*

A*

ε = ε* +  ε I3

G' = (I3+ε) G 

Figure A.4: Effect of deviatoric and hydrostatic strain on µLaue pattern of a crystal
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component of the stress can be set to 0 in the second order generalized Hooke’s law :

σ11

σ22

σ33 = 0

σ23

σ13

σ12


=



c11 c12 c12 0 0 0

c12 c11 c12 0 0 0

c12 c12 c11 0 0 0

0 0 0 c44 0 0

0 0 0 0 c44 0

0 0 0 0 0 c44





ε11

ε22

ε33

2ε23

2ε13

2ε12


(A.7)

Where σ is the stress tensor and ε the strain tensor. The subscripts 1,2 and 3 indicates the [100], [010] and

[001] directions in the crystal reference frame for ε and σ. c11, c12 and c44 are silicon elastic constants. c11 =
165.5 GPa, c12 = 63.9 GPa and c44 = 79.5 GPa [Hopcroft et al., 2010]. In particular:

σ33 = c12(ε11 +ε22)+ c11ε33 = 0 (A.8)

The relation between the full strain tensor and the deviatoric strain tensor ε′ is

εi j = ε′i j +
εh

3
δi j (A.9)

Where εh is the hydrostatic strain. Thus from equation (A.8) and (A.9) it follows that

εh = 3
c12(ε′11 +ε′22)+ c11ε

′
33

2c12 + c11
(A.10)

Thus all value of the full strain tensor could be computed using Eq. (A.9) and (A.10).

A.3 Digital image correlation

Digital Image Correlation (DIC) is a full-field non-destructive and contact-less method that allows to deter-

mine a field of displacement and strain by comparing different images of a sample taken at different times.

In this work, two dimensional DIC is used. The sample is covered is distinguishable patterns (speckles of

white paint in this study). A Region Of Interest (ROI) is defined on the images. These area can either be

defined as the camera full field or as smaller area as long as significant number of distinguishable patterns

are visible on the chosen region. This ROI is then subdivided in smaller Zone Of Interest (ZOI). An example

of an image used for DIC is presented in figure A.5. Speckles of white paint are clearly visible as well as two

distinct areas that can be analyzed separately.
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ROI 1

ROI 2

ZOI
Figure A.5: Example of different ROI and ZOI in an image used for DIC

From these ZOI, a correlation is made between images taken at various steps of the analysis using the

equation A.11

g [x +u(x)] = f (x) (A.11)

Where x is the position in the image reference frame, u(x) the displacement field, g(x) the latest image and

f(x) the initial image. The formalism used to obtain the displacement field will be described here. In this

work, the calculation were made using a dedicated software: CORRELI developed under a license from

LMT Cachan [Hild and Roux, 2006]. Finally the strain tensor components (εi j ) in the studied plane can be

extracted from the displacements field using equation A.12

εi j = 1

2

(
δui

δ j
+ δu j

δi

)
(A.12)
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