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Abstract

n the recent years, the field of strain sensing shifted from the develop-

ment of conventional strain gauges to the engineering of novel, mul-

tifunctional sensors. Strain sensors found new application domains
in smart packaging, wearable sensors and health monitoring that require
conformable gauges sensitive to multiple physical stimuli in addition to
strain such as temperature. Research initially went toward the use of or-
ganic piezoresistive materials that can be rendered multifunctional and
propose simple read-out circuitry. However, they have limitations in terms
of long-term reliability, miniaturisation and output signal quality. To try
and cope with these issues, conventional inorganic materials such as silicon
or germanium were fabricated onto flexible substrates but do not propose
multifunctional sensing.

Vanadium dioxide, VO,, is a promising candidate to fill this need since the
VO, crystal is able to transition between different crystallographic states
when stimulated. Depending on the magnitude of the stimulation, it can
either partially transition from an M1 to an M2 state or completely transition
from an insulating M1 state to a metallic R one. These transitions lead to
massive changes in the material properties and can be triggered by me-
chanical, electrical, thermal, optical and magnetic stimulation, making VO,
multifunctional. Looking into strain, the mechanical stimulation generates
a partial M1 to M2 reconfiguration accompanied by a massive change of re-
sistivity with reported gauge factors between 250 and 500. Researchers have
tried to integrate vanadium dioxide devices onto a flexible substrate for
multifunctional sensing but had to use either low-temperature deposition
or complex layer transfer. The first approach gives low-quality vanadium
dioxide due to low crystallinity while the second is complex and hard to
scale. This work proposes to integrate high-quality, thermally annealed,
sputtered p-VO, on a thin-polyimide membrane to characterise its gauge
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factor under high-strain.

The first chapter proposes a monolithic process for the fabrication of mi-
croelectronics on a flexible membrane for high-strain studies. The process
integrates single crystal silicon (c-Si) devices with electrical connections
on a 3.6 ym-thick and 2.7 mm-diameter PI membrane, without limitation
or complex layer transfer. c-Si is used instead of p-VO; to serve as a first
demonstrator. It introduces the methodology and tools used in the rest of
the work.

The second chapter introduces a Comsol FEM model to study the behavior
of the bulged membrane and compute the local strain field inside the c-Si
devices. The bulged membrane is observed to enter in a plastic deformation
regime and to diverge from the expected cube-root deflection profile. The
plastic deformation of the membrane is simulated by the Swift plastic model
in Comsol. The Comsol model is fitted on an in situ measurement of the
membrane deflection and the local strain field in the ¢-Si is computed. An
asymmetrical, biaxial strain field with a maximum magnitude of 0.36 % of
local strain is obtained in the c-Si. The strain field is checked by computing
the expected silicon Raman peak-shift using the Ganesan equation and
comparing it to an experimental measurement.

The third chapter explores the integration of thermally annealed, sputtered
p-VO; on a polyimide membrane. A 2.5 mm-wide and 3.2 pm-thick poly-
imide membrane carrying a 220 nm-thick layer of p-VO, is fabricated. The
deposition and characterization process is presented. The study shows that
p-VO; requires an adhesion layer to stick to the polyimide. The fabricated
sample is used to measure the Young’s modulus of p-VO, since its value
is not readily available in literature. A Young’s modulus of 120 GPa is found.

Finally, the fourth chapter fabricates patterned p-VO, resistors on a 1 mm-
wide and 2.5 pm-thick polyimide membrane. A biaxial strain of 0.3 %
is induced in the p-VO;. A continuous and exponential variation of the
gauge factor is observed up to 4180 at 0.2 % of strain. This phenomenon is
attributed to the intrinsic piezoresistive effect in VO, and grain dislocation.
The chapter shows that the crystal is subjected to irreversible damage past
0.1 % of strain. These results set clear limits on the use of p-VO; as a
high-strain sensor.
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Introduction

Context

train engineering is an ever growing scientific enquiry [1, 2]. Over

the years, the development of strain sensors started to shift from

conventional strain gauges to the design of novel, multifunctional,
flexible sensors that allow to measure wide range of strain while responding
to other physical stimuli such as temperature [3, 4, 5, 6]. This shift started
with the demand for strain sensing in applications such as smart flexible
sensors [7, 8, 9], intelligent packaging [10, 6] and, in particular, human body
monitoring [11, 12, 13, 14, 15, 16].

Human body monitoring gained major traction with the progress in ma-
chine learning and signal processing that facilitates the interpretation and
decoupling of effects from multifunctional sensors [17, 18, 19, 20, 21, 22].
This traction is motivated by the wide range of applications such as e-
skins [20, 23, 24], soft robotics [25, 26, 27, 28, 29], full body motion tracking
(macrostrain) [30, 31, 32, 33] or cardiovascular disease prevention (micros-
train) [34, 35, 36, 37, 38, 39].

Conventional strain sensors can be classified into three different categories:
capacitive, piezoelectric and piezoresistive devices [40, 41, 42]. Among the
three, the most promising in terms of sensitivity and miniaturisation are the
piezoelectric and piezoresistive based devices [1]. Capacitive sensing bene-
fits from simple processing techniques [43, 44, 45] but is, by nature, difficult
to miniaturize [42, 46]. This renders them unsuitable for applications such
as blood flow monitoring or internal implants. In addition, they suffer from
parasitic capacitance and their read-out circuitry is generally complex due
to the small changes of capacitance with strain [1, 42].
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Piezoelectricity and piezoresistivity have been in direct opposition since the
1980s and each has their own advantages [1]. On one hand, piezoelectric
devices rely on the generation of electrical charges upon deformation. Their
primary advantage is that the sensor itself does not require a power source
since the charge generation is an intrinsic material property [42, 1]. How-
ever, they only allow the measurement of high and dynamic strain [42, 40].

On the other hand, piezoresistivity relies on the change of resistance of
a deformed material. This means that the sensors are not self-powered.
However, their fabrication, like piezoelectric devices, only depends on the
integration of one active material. Furthermore, they allow the measure-
ment of static, dynamic and subtle deformations [42, 40]. Finally, they offer
the possibility for simple read-out circuitry as the transduction is done via
a measurement of the variation of resistance of the device [1, 40, 47, 48].
These advantages make piezoresistive devices good candidates to integrate
on flexible substrates for health monitoring.

Table 1 presents some promising candidates for multimodal sensing avail-
able in the literature. The table is not meant to be exhaustive as the literature
on multimodal sensing is broad but aims at depicting a picture of the dom-
inant trends. The table is inspired from [49, 50] and expanded to include
silicon, vanadium dioxide and other materials. More specifically, it presents
materials or sensors that demonstrated multimodal sensing capabilities
while integrated on a thin flexible substrate. This is why material such as
bulk silicon is not presented despite its well known high gauge factor of up
to 200 [51, 52, 53].

Looking into it, the dominant research directions are toward the develop-
ment of sensors relying on 2D materials (MXene, TMDs) [50] and conductive
polymers [54, 55, 56, 57, 58, 59, 60] which include composites such as CNT
[61, 62, 63, 64, 65, 66] and semiconducting polymers [11, 67, 68, 69, 70].

However, those materials are hard to fabricate at the microscale for implants
[71,72], prone to sensitivity degradation [73, 74, 75], offer poor output signal
quality [76, 77] and are incompatible with most conventional microfabrica-
tion techniques [78, 79, 80]. However, they remain promising as most of
them can be rendered multifunctional, as presented in the table [81, 82].
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To cope with those limitations, flexible MEMS strain sensors based on
conventional inorganic materials are investigated [71]. Silicon has been
extensively studied as it is well known to be able to react to strain [51],
temperature [83] and light [84]. Silicon based diodes have been widely
used as temperature sensors [83] and c-5Si resistors are commonly used in
pressure sensors [85] with recent work reporting pressure sensors built
from SOI wafers with a sensitivity of up to 0.461 yV/V/Pa [86], underlying
the potential of the material. Looking into the use of silicon as coupled
strain and temperature sensor, most work rely on the integration of multiple
silicon based sensors, each designed for one specific stimulus, onto a single
die [87, 88]. While effective, this approach increases process complexity
and is at the cost of device density [87]. Recently, [87] proposed to solve
this limitation by directly exploiting the intrinsic response of ¢-5i to strain
and temperature. They manage to obtain a multimodal sensor, presented
in Table 1, based on a single 200 nm-thick c-Si serpentine fabricated from
an SOI wafer and transfered to a final PI substrate. While successful, their
approach relies on a non-monolithic fabrication process while featuring
limited sensing performances, as presented in Table 1.

In a nutshell, researchers have been looking for a single inorganic material
that can be fabricated on flexible MEMS with standard microfabrication tech-
niques while featuring a high gauge factor and sensitivity to temperature for
multifunctional implantable sensors [89, 87]. In this regard, Vanadium Diox-
ide stands out as a particularly promising candidate as it intrinsically offers
a high sensitivity to multiple stimulation like magnetic, optical, electrical,
thermal and mechanical [90]. Table 1 presents a dual strain-temperature
flexible sensor based only on pre-transition measurements [89]. However,
what sets vanadium dioxide apart is its ability to encode physical stim-
ulations into spikes by exploiting the insulator to metal phase change of
the material [91, 92, 93, 94, 95, 96]. Encoding of the stimulation into spikes
bears the potential of substantial boost in sensitivity and decrease in sensory
power consumption as reported by [97] which reports the fabrication of a
temperature sensor with an intrinsic sensitivity of up to -2.19%/°C and an
spike encoded sensitivity of up to 5.5%/°C. Those consideration sets VO,
as a prime candidate for integration into flexible, multimodal sensors which
is discussed in the remainder of this chapter.
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Vanadium Dioxide as a multifunctional sensor

Vanadium dioxide (VOy) is praised for its many outstanding characteris-
tics. At the heart of them all lies the ability of the VO, crystal to transition
between different crystallographic arrangements with different physical
properties [90, 111]. In addition to the well documented full transition of the
VO; crystal from a high-resistivity monoclinic (M1) state to a low-resistivity
rutile (R) one [112, 113, 114], the material is known for its high sensitivity to
different external stimuli. This includes magnetic, optical, electrical, thermal
and mechanical, making VO; a true inorganic multifunctional material [90].

Looking into the mechanical stimulation, when strained, the M1 crystal
partially transitions to an intermediate M2 configuration [113, 114, 115, 116,
117,118, 119, 120]. This partial reconfiguration is accompanied by an in-
crease of resistance coming from the intrinsic difference in resistivity of both
phases (ov2 = 3 * pm1) [116, 117]. This leads to intrinsically high and strain
dependent gauge factors (GF). Previous work report GFs varying from 175
to 150 for c-VO, nanobeams [117] and from 620 to 370 for epitaxial layers
[121] subjected to 0.3 % of tensile strain. Such values far surpass the ones of
metallic gauges (up to 2) or silicon (up to 200) [53].

In order to study or exploit the properties of strained VO,, an appropriate
strain platform must be developed. A popular choice for strain induction
is to rely on the mismatch between two material’s thermal expansion co-
efficient generating stress during the fabrication process [122, 123]. This
approach led to the development of MEMS-based techniques allowing
strain studies to be carried out up to the mechanical limits of the material
[124, 125]. However, those techniques do not provide a dynamical control
of the induced strain. Different devices, tailored to reach various strains,
must be fabricated to cover a large range of deformation with sufficient step
resolution [124, 125]. This leads to process and design complications as well
as device-to-device variation in the measurement.

ITMDs: Transition metal dichalcogenide monolayers.

2G:GO:rGO: Graphene: Graphene Oxide: reduced Graphene Oxide. The KPI values were
computed from the plots in the paper but not given as is.

SNW: nano wire.

4SPMF: SWCNT and PEDOT:PSS decorated porous MF

5Carbon nano tube
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Another approach is to actively induce strain in a material or device via an
external actuation mechanism. One technique is to rely on a bulge or blister
test using a micro-fabricated membrane subject to increasing pressure. One
way to do so is to use a thin, stress compensated, oxide based, membrane
carrying the device or material of interest. While this approach has been
extensively studied, as reported in [126, 85], it is generally used for pressure
sensing rather than for inducing high-strain. Indeed, those membranes are
prone to breaking and typically allow to reach strain of up to 0.04 % as in
[127]. Other fabrication processes, like Silicon-on-Nothing (SON), can be
used to build the membrane but they face similar challenges while only
reaching 0.036 % of strain [128].

A promising path to reach higher deformation is to build the membrane
out of polymer. Their lower Young’s modulus allow for more bulging and
deformation of the membrane before fracture, which enables to induce a
higher strain in the device or material of interest. A first example comes
from [129] which integrates a 2D-layer of MoS; onto PDMS and reaches
between 2 and 3 % of strain during the blister test. Another one, from [130],
reports the integration of 10 nm-thick silicon resistors on a polyimide (PI)
membrane. They demonstrate the induction of 3.5 % of strain in the silicon
resistors [130].

This approach is of particular interest for vanadium dioxide for which a
recent trend has been its integration on polymeric flexible substrates for
high-strain sensing [117, 89, 121, 131, 132]. While the use of PDMS or poly-
imide allows to reach high-strain in the studied material, the practice comes
with some drawbacks. The first one is bound to the use of soft plastics that
exhibit poor resistance to heat or strong chemicals [133]. This renders them
incompatible with conventional processing techniques. The integration
of electronic devices or materials must be done via either a direct low-
temperature deposition, like in [133], or complex transfer and subsequent
alignment of layers, like in [130]. Other examples of flexible electronic pro-
cessing, that illustrate their complex nature, are well described in literature,
including [134, 135, 136, 137].

These processing limitations are particularly problematic for VO, since they
limit the use of well-established, cleanroom compatible, techniques such as
sputtering [138].

8 |



Introduction |

Direct low-temperature deposition [139, 140, 141, 142, 131, 143, 144] can
be used but produces VO, layers of poor quality due low crystallinity
[145, 146, 140]. Another approach is to use layer transfer [146, 89] to in-
tegrate high-quality [145, 147] thermally-annealed p-VO, deposited by
sputtering [148] or PLD [149] but it is notoriously complex and hard to
scale [146, 89]. Monolithic direct integration of sputtered p-VO, layers onto
flexible substrate is of interest but remains out of reach due to the limited
thermal budget of polymers [150, 150, 151] and the high-temperature anneal-
ing required to reach the desired level of VO, crystallinity [152, 153, 154].
Up-to-now, no such demonstration has been carried out.

A further issue is the lack of fundamental understanding of the mechanics
governing the behavior of polymer based membranes. While conventional
MEMS membranes benefit from a rich literature allowing to predict both
the behavior of the membrane and the strain induction in the device un-
der test [155, 156, 157, 158, 159], this is not the case for complex polymeric
stacks. Furthermore, the strain field in the active material layer is often
simplified and treated as uniaxial or symmetrically biaxial, like in [130],
without formal validation which is detrimental in experiments requiring
precise knowledge of the strain field components.

In this work, we propose to study the piezoresistive properties of highly
strained p-VO, fabricated by sputtering. More specifically, the thesis pro-
poses to characterise the evolution of the gauge factor of sputtered p-VO,
under high-strain as a first step toward its use in multifunctional sensors. It
tries to answer the following scientific question:

Can thermally annealed sputtered p-VO,, integrated on a flexible substrate, be
used for high-strain multifunctional sensing applications?

To answer it, the question is decomposed in four smaller scientific contribu-
tions. Each one of them is addressed in a dedicated chapter. The outline of
the thesis is explained here below while its structure and main storyline is
illustrated in Fig. 1.
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Chapter 1

The first chapter of this thesis details a processing technique that allows the
monolithic integration of microelectronics on polyimide without process
limitation or thermal budget. A demonstration of the process is made by
fabricating c-Si resistors on a 2.7 mm-wide and 3.6 pm-thick polyimide
membrane. The focus of the chapter is on the following scientific question:

How to integrate c-Si devices, in a monolithic way and without process limitation,
on a thin polyimide membrane?

In addition, this first chapter introduces a compact bulge test setup to mea-
sure the membrane under pressure. This experimental setup allows the in
situ measurement of the membrane and devices using a white-light interfer-
ometer or a Raman spectrometer while leaving enough space for electrical
probing of the devices.

Finally, an initial measurement of the membrane maximal deflection under
load is presented along with the required data processing.

Chapter 2

A Comsol Multiphysics finite element method (FEM) model of the membrane
is presented. This model is built to predict the maximal deflection of the
membrane with pressure in both an elastic and a plastic deformation regime.
The first chapter identified that the membrane enters in a plastic deforma-
tion mode past a given pressure point. The Swift plastic deformation model
is used in Comsol to consider this phenomenon. The model is presented
along with its fitting parameters.

The chapter details how fitting the Comsol model on an in situ maximal
deflection measurement of the membrane allows to correctly compute the
local strain tensor inside of the c-Si device. A Raman spectroscopy experi-
ment is introduced to validate the computed strain field. The variation of
the Raman peak shift in the c-5i devices is computed based on the strain
tensor obtained with Comsol and compared to experimental data.

The first goal of this chapter is to prove that the local strain field in a device
fabricated on a polyimide membrane can be computed using a fitted Comsol
model.
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This is of primary importance to allow the use of the fabricated membranes
for strain studies. The second one is to challenge the absolute maximal
strain level induced in the device by the membrane. This test allows to
determine whether or not the proposed polyimide membrane is suited for
high-strain studies.

In short, the scientific question under consideration is:

Can a Comsol simulation model the plastic deformation of a polyimide membrane
to compute the local strain field induced in the carried c-Si devices and how much
strain can be induced in the c-Si resistors?

Chapter 3

The monolithic fabrication process is used to integrate thermally annealed
sputtered p-VO, on a 2.5 mm-wide and 3.2 um-thick polyimide membrane.
The synthesis and deposition protocols are presented along with the charac-
terization tools required to assess the quality of the fabricated p-VO,.

The first objective of this chapter is to check the process feasibility and
the proper adhesion between the polyimide and the p-VO;. To do so, the
deposited layer of p-VO; is left unpatterned. This allows the realisation of
a pull test to demonstrate the adhesion of the two layers.

The as-fabricated membrane, with its blanket layer of p-VO,, is next used
to recover the Young’s modulus of the p-VO, via a bulge measurement
and a fitting of the Comsol model. Recovering the Young’s modulus of
the material is paramount for proper computation of the strain in p-VO,
devices fabricated on a PI membrane.

The goal of this chapter is to prepare the ground for the integration of
patterned p-VO, devices on PI membranes in the next chapter. It answers
this scientific question:

How to integrate thermally annealed p-V Oy on a thin, released, polyimide
membrane to recover its Young's modulus?
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Chapter 4

Finally, the impact of high-strain on the gauge factor of p-VO; is tackled.
Thermally annealed, sputtered and patterned p-VO, resistors are fabricated
with a monolithic process on a 1 mm-wide and 2.5 pm-thick polyimide
membrane.

The membrane is mounted on the bulge test setup and the variation of the
electrical resistance of the p-VO; resistors with pressure is measured. An
in situ measurement of the maximal deflection at each pressure step is made.

The Comsol model is fitted on the experimental data to obtain the local strain
inside of the resistors which allows the computation of the gauge factor as
a function of the applied strain.

This last chapter answers the last question of this work:

How does the gauge factor of patterned p-V O, fabricated via reactive sputtering
and thermal annealing behave under high-strain?

Results
Highly strained

C g -VO, resistors
Validation PV 2

Strain computation

Raman validation

Case Study
Demonstrator p-VO, on PI
c-Si on Pl and membrane

membrane modelling

Fig. 1 Outline of the thesis. The first chapter details the monolithic integra-
tion of c-Si resistors on a polyimide membrane. The second one models the
strain induced in the devices upon bulging. The third chapter investigates
the integration of p-VO, on polyimide while the last one studies the gauge
factor of highly strained p-VO; resistors.
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Thin polyimide membrane as
a platform for high-strain
studies

he goal of this thesis is to evaluate the properties of highly strained

sputtered polycrystalline vanadium dioxide devices using a poly-

imide based membrane. p-VO, deposited by sputtering requires
high-temperature thermal annealing to go from amorphous to polycrys-
talline [148, 152, 153, 154]. This renders the use of low temperature mono-
lithic fabrication processes on flexible substrates from the literature impos-
sible [145]. The alternative is to use a layer transfer method but those are
challenging to develop and hard to scale [146].

This chapter proposes to solve those limitations by integrating the material
of interest onto the flexible substrate during a post process step. Polyimide is
spin coated as the last layer in the process which makes it monolithic, wafer
scale and without thermal budget. A demonstration of the feasibility of
the process is done by designing and integrating single crystalline (c-5i) re-
sistors on a 3.6 pm-thick and 2.7 mm-diameter polyimide MEMS membrane.

The behavior of the as-fabricated membrane is studied by assembling a
bulge-test setup to measure the deflection of the membrane under a white
light interferometer.
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The decision to demonstrate the process with c-5i and not p-VO, comes
from two reasons:

Ease of processing: The demonstration process starts from a silicon-
on-insulator (SOI) wafer. The focus is on process design and poly-
imide handling instead of on processing of the active material.

Known material properties: c-Si is a well known material. All of
its mechanical properties are available in literature as-opposed to p-
VO, for which information like the Young’s modulus are hard to find
[160, 161, 162]. Furthermore, c-Si has a well studied Raman response
to strain [163, 164]. This allows to validate the strain field computed
by a Comsol model [165]. This is the topic of the next chapter.

In a nutshell, this chapter tries to answer the following scientific question:

How to integrate c-Si devices, in a monolithic way and without process limitation,

on a thin polyimide membrane?

To answer that question, this chapter presents:

A monolithic fabrication process of microelectronics on a flexible
substrate without process limitation related to the thermal budget
of polyimide. A complete fabrication scheme is presented and 2.7
mm-wide and 3.6 pm-thick polyimide membranes with c-5i resistors
are fabricated.

A bulge-test setup used to inflate the polyimide membrane under a
white light interferometer or a Raman spectrometer with access for
probes to electrically characterise the device under test.

A deflection measurement of the bulged membrane. The membrane
is inflated at increasing pressure level and measured by white light in-
terferometry. This is done to obtain an experimental pressure-maximal
deflection profile. The data processing to go from the raw measure-
ments to the maximal deflection curve is presented.
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Fig. 1.1 Design schematics: (a) Layout showing a 1x1 cm? die featuring
a 2.5 mm-diameter circular membrane. (b) Zoom on a subset of devices
located on the membrane edge. R; stands for transversal resistor regarding
the orientation of its electrical connections relative to €, in local coordinate.
The x and y axes are shown as black arrows. The aluminium lines are in
gray, the pad openings in dark gray, the membrane in green and the die in
light blue. NPN devices and other resistors are visible on the layout but out
of the scope of this work.

Figure 1.1(a) represents the layout of a die carrying a 2.5 mm-diameter
circular membrane. The circular shape of the membrane was selected
to make the process compatible with either an XeF, isotropic or a Bosch
anisotropic release. Each die features four sets of two c-Si p-type resistors
and four NPN junctions positioned alongside the membrane’s perimeter to
maximise the amount of induced strain [85, 166]. All devices share the same
60 um by 100 pm dimensions as visible in Fig. 1.1(b). Electrical connections
are made by 1 pm-wide aluminium fingers and 20 um-wide aluminium
traces that extend from the die onto the released membrane. 500 pm by 1500
pm contact pads are visible in dark gray on the figure. The study carried
out in this work is performed on R; which stands for transversal resistor.
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It is defined by the current flowing perpendicularly to the direction of the
£xx strain component in local coordinate. All other structures visible on the
layout are out of the scope of this work.

Process

The integration of p-type silicon resistors on a thin polyimide membrane
is illustrated in Fig. 1.2. The process starts in Fig. 1.2(a) with a silicon-
on-insulator (SOI) wafer from SOITEC featuring a top 300 nm-thick (100)
oriented c-Si layer, a buried oxide (BOX) of 1050 nm and a bulk c¢-Si sub-
strate of 725 pm.

To define the resistors, 60 um by 100 pm silicon mesas are patterned in
Fig. 1.2(b) by photolithography and anisotropic CHF3 inductively coupled
plasma reactive ion etching (ICP-RIE from Corial). The top silicon layer is
thermally oxidised as a preparation step for ion implantation resulting in a
27 nm-thick silicon dioxide layer. A boron implantation step is performed
to obtain p-type resistors. The implantation was performed by Ion Beam
Service (IBS) with a requested dose of 4.2 x 10'3 atoms/cm? at an energy of
10 keV. Doping atoms are then activated by a 30-minutes-long annealing
at 850°C to complete the implantation phase. The final boron atom con-
centration in the silicon is estimated using a Silvaco Athena simulation to
reach a maximal value of 3.5 x 10'8 cm 3. A 180 nm-thick silicon dioxide
layer is then deposited by plasma-enhanced chemical vapour deposition
(PECVD by Oxford Instruments) to passivate the doped silicon resistors after
stripping of the top 27 nm-thick thermal oxide used for the implantation
process.

Figure 1.2(c) deals with the electrical contacts definition. Access to the
silicon mesas are first opened in the top silicon dioxide layer by a pho-
tolithographic step and a buffered HF (HF + NH4F in a 1:7 ratio) isotropic
wet etch. The electrical connections are built by sputtering (sputterer from
VST) a 600 nm layer of Al/Si (99 % aluminium and 1 % silicon) and defined
by photolithography and ICP-RIE BCL;3 anisotropic dry etch. A 432°C ther-
mal annealing under a flow of forming gas is finally performed to obtain an
ohmic contact between the p-doped silicon and the aluminium.
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__|Polyimide _1SiO2PECVD WAl lsi
SiO2 Thermal [ Silicon

Fig. 1.2 Process flow schematics: Summary of the fabrication process used
to integrate silicon resistors on a large, free-standing, polyimide membrane.
(a) Initial (100) SOI wafer with a top 300 nm c-5i layer, 1050 nm buried oxide
(BOX) and c-Si substrate. (b) ICP-RIE patterning, doping and passivation
with 180 nm of PECVD silicon dioxide of the top silicon to pattern 60 pm by
100 pm p-type c-Si mesas. (c) Electrical contacts deposition by sputtering
a 600 nm-thick Al/Si layer, patterned with dry etching. (d) Back grinding
of the ¢-Si substrate and definition of a 300 nm-thick aluminium mask. (e)
Spin coating of a 3.6 pm-thick polyimide layer and contact pads opening
by indirect photolithography. (f) Release of the polyimide membrane by an
isotropic XeF, dry etch of the c-5i substrate and isotropic BHF wet etch of
the BOX.
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Figure 1.2(d) summarizes the preparation required for the release of the
membrane. The wafer is back-grinded from 725 pm to 280 pm in order
to reduce the time needed to release the membrane. A 300 nm-thick alu-
minium mask is deposited by thermal evaporation (evaporator from VST)
and patterned by photolithography and H3;PO,/IPA isotropic wet etch on
the back side of the wafer to define the membrane geometries.

Polyimide is chosen as flexible substrate, as in [130, 167]. Its integration
as the last layer is done by spin coating a PI precursor, PI2545 [168] from
HDMicroSystem, as shown in Fig. 1.2(e). The process detailed hereafter is
adapted from [168]

Prior to the application of PI2545, the wafer is cleaned by an acetone,
methanol and deionised water (DI) rinse before being dried overnight at
120°C, under an argon flow. An adhesion promoter, VM652 [169], is applied
to the wafer in a puddle for twenty seconds before spinning the wafer dry
at 4000 RPM for one minute. The VM652 is then activated by baking the
sample on a hot plate for one minute at 120°C.

The polyimide precursor is dispensed onto the wafer and spin coated. Due
to the honey-like viscosity of the precursor, a slow initial spin coating of 500
RPM for five seconds is done to spread the layer before spin coating at the
nominal speed to get the desired precursor thickness. A final rotation speed
of 1500 RPM maintained for one minute is used. The precursor is next soft
baked on a hot plate at 140°C for six minutes to drive out excessive solvent.

PI2545 is not a photosensitive resist [168]. This means that a conventional
photolithography cannot be used to develop and pattern the layer of poly-
imide. However, the uncured precursor is easily etched by TMAH based
solvent, such as a conventional photolithography developer like MIF726
[170]. An indirect photolithography is performed by a doing a transfer of
the pattern during the development of a classical, photosensitive resist. This
process is illustrated in Fig. 1.3.

Fig. 1.3 shows a schematic of an indirect patterning of a layer of polyimide
precursor. The schematic shows a simplified stack but all parameters and
resist polarities are the same. First, a layer of positive tone resist, AZMIR701
[171], is spin coated at 4000 RPM (Fig. 1.3(b)) on the layer of uncured PI
precursor (Fig. 1.3(a)). The resist is soft baked for ninety seconds at 90°C.
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Fig. 1.3 Process schematic of the PI12545 precursor patterning: (a) Spin
coating of the precursor and soft bake. (b) Spin coating of a conventional
photoresist, soft bake, exposure and PEB. The schematic shows a positive
tone. (c) Puddle development with a TMAH-based developer. The photore-
sist gets developed and the underlying, uncured, polyimide precursor is
etched away by the developer. (d) Selective removal of the photoresist with
PGMEA and final cure. (e) Picture of a fully processed wafer. The wafer
carries silicon resistors, PN and NPN junctions. The wafer is coated with
a 3.6 pm-thick layer of polyimide which gives it its golden tint. The white
squares are the contact pads made out of aluminium. The polyimide layer
was patterned by an indirect photolitography of the polyimide precursor.
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The layer is exposed using a 365 nm light source with a constant dose of
180 m]J /cm? in vacuum contact. A post exposure bake is done to partially
harden the resist at 110°C for ninety seconds. Fig. 1.3(c) represents the
development process. A puddle development, without vibration, of one
minute with MIF726 [170] developer is done. First, the exposed part of the
resist is developed. The developer then quickly etches away the uncured
polyimide, leaving openings. At this stage, the top resist must be removed
before the final cure.

To do so, PGMEA is dispensed in three steps in a puddle. Each puddle is
left for a duration of one minute. PGMEA is very efficient at selectively re-
moving the top layer of photoresist from the polyimide layer [168]. Acetone
is shown to degrade uncured polyimide and must be avoided. The layer
of precursor is finally annealed for one hour at 350°C. The cured layer is
measured to be 3.6 nm-thick by profilometry and ellipsometry. Fig. 1.3(e)
shows a macroscopic picture of the wafer with patterned polyimide. The
white squares are the opened areas in the polyimide layer, showing the
aluminium contact pads.

At this stage the wafer is diced to form 1 cm by 1 cm dies. As illustrated in
Fig. 1.1(a) and 1.4(a), each die carries one 2.5 mm-diameter membrane.

Figure 1.2(f) illustrates the membrane release which is done in two consecu-
tive steps. A dry isotropic XeF; etch of the back c-Si is done (machine from
Xatic), resulting in a slight 100 pm over etch and a final membrane of 2.7
mm-diameter.

Finally, the BOX is thinned by a timed isotropic BHF wet etch. A residual
silicon dioxide layer of around 200 nm-thick is left to avoid the BHF to enter
in direct contact with the silicon devices on the membrane’s back side. Fig.
1.4(a) shows a picture of a released membrane. Fig. 1.4(b) shows a zoom on
a subset of c-Si devices.
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(a) _ (b)
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Fig. 1.4 Fabrication results: (a) Top view of a 3.6 pm-thick and 2.5 mm-
wide polyimide membrane. (b) Zoom on a subset of devices positioned
along the membrane’s edge. The device highlighted in green is a p-type
resistor arranged in a transverse configuration regarding the direction of
the current relative to the direction of the strain. The blue dots represent the
10 mapping points measured by the Raman spectroscope (see next chapter).
Uncoloured devices are out of the scope of this chapter.

Bulge test setup

An instrumentation setup is designed to allow the pressurisation of the PI
membrane to induce strain in the silicon devices. The setup, illustrated in
Fig. 1.5(a), is made out of a pressure vessel with a device mounted on top.
The die to be tested is first glued on an aluminium plate with M-bond 200
[172]. The aluminium plate is pierced to allow the pressure to be transferred
to the membrane. The sub-assembly is mounted on the pressure vessel by
four screws while an O-ring ensures proper sealing between the plate and
the vessel.

The pressure vessel is made out of a machined acrylic block that allows the
connection of a pressure generator at the inlet AP.
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The pressure generator is a KAL-100 from Halstrup Walcher which allows
the production of controlled pressure in the 0 to 100 kPa range with a 0.05
% accuracy [173]. The assembly is compact enough to be placed under a
white light interferometer or a Raman spectrometer as shown in Fig. 1.5(b).
Probes can be brought to the device under test. The setup allows to measure
the electrical response of the device under strain while doing an in situ
measurement of the membrane’s deflection.

(a) Probe
Patm

\—F

AP—

D

[Interferometer's beam  []Die
[JAlplate  EO-ring [ Vessel

Fig. 1.5 Instrumentation setup: (a) Schematic of the pressure bulge test
setup. A die carrying a polyimide membrane is glued on a 5 mm-thick
aluminium plate which is itself mounted on a pressure vessel via four
screws. Air tightness is ensured by an O-Ring. The pressure vessel is
connected to a pressure generator and the whole setup is placed under the
lens of a white light interferometer. Probes are used as electrical connexions
to the devices. (b) Picture of the installed setup. The green light is the spot
of the interferometer.
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1.4 Deflection measurement
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Fig. 1.6 Schematic of a white light interferometer. Adapted from [174]

The measurement of the deflection is carried out by a white light interfer-
ometer from Polytec [174]. This non-destructive measurement allows to
obtain the local deflection profile of the bulged membrane [175]. Fig. 1.6
represents a schematic of a Michelson interferometer, adapted from [174].
The measurement principle relies on the creation and the capture of an
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interference pattern on the measurement camera [175, 174]. First, a white
light beam is emitted by a photodiode and guided through a beam splitter.
Half the beam gets directed toward the sample and the other half goes
to a reference plane mounted on a motor in order to change its distance
to the beam splitter. Both beams are reflected, one by the reference plane
and the other by the sample, and recombine in the beam splitter before
being measured by the camera. When both optical paths, to the plane and
to the sample, are of the same length, a constructive interference between
the beams appears and leads to a spot of maximal light intensity on the
pixels of the camera. A measurement of the height of the sample is made
by recording the position of the reference plane. The reference plane is
then moved, in a predefined range, to get a sweep of interferences across
the whole sample and, in consequence, a 3D measurement of the surface
topography of the sample.

To get a measurement of the deflection of the membrane as a function of
the pressure, a die carrying a released polyimide membrane is mounted on
the bulge test setup. The pressure is increased by steps up to a maximum of
100 kPa, which is the limit of the kal-100 [173]. At each step a measurement
of the deflection profile is made by white light interferometry.

Fig. 1.7(a) shows a selection of raw deflection profiles measurements made
with the white light interferometer. The measured sample is the 2.7 mm-
wide and 3.6 pm-thick polyimide membrane fabricated in this chapter. The
represented deflection profiles are measured at 0, 20, 40, 60 and 80 kPa.
The raw measured Polytec profiles are levelled to remove the die inclina-
tion. This processing is illustrated by the difference between Fig. 1.7(a) and
Fig. 1.7(b). The levelling is done by fitting a first order polynomial to the
die’s edge and subtracting it to every measurement point. This produces
a levelled set of deflection curves on which the maximal deflection is mea-
sured.

Fig. 1.8 shows a plot of the maximal deflection as a function of the applied
pressure. This plot is obtained by measuring the maximal deflection point
on each measured and levelled deflection profile. The presented results are
the ones of a 2.7 mm-wide and 3.6 nm-thick polyimide membrane bulged
to 80 kPa. The 0 kPa pressure point is not reported because the released
membranes do not have a flat profile due to residual stress in the stack
inducing buckling [176].
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Fig. 1.7 (a) Raw Polytec measurements of a 2.7 mm-wide and 3.6 pm-thick
polyimide membrane bulged to 80 kPa. The represented deflection profiles
are measured at 0, 20, 40, 60 and 80 kPa. The measurements are tilted due to
the inclination of the die during the measurement. (b) Levelled deflection
profiles. The presented deflection profiles are the same as in (a) but levelled
by subtracting a first order polynomial fitted on the die’s edge.
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Fig. 1.8 Measurement of the maximal deflection of a 2.5 mm-wide and 3.6
pm-thick polyimide membrane bulged to 80 kPa of pressure. The zero kPa
pressure point is not measured since the released membrane is not plane
due to residual stresses in the stack.

Fig. 1.8 also shows a preliminary simulation result obtained by modeling
the stack in Comsol Multiphysics. It considers that the stack follows a fully
elastic deformation when pressurised. This is the same assumption as
found in [177, 178]. This gives birth to a non-linear cube-root trend which is
expected for large deflection scenarios of thin film membranes [177, 178].
As can be seen in Fig. 1.8, both the experimental result and the No Plastic
simulation follow the same trend up to 50 kPa. Past this pressure point,
the experimental measurement starts to deviate from the cube-root trend of
the No Plastic result. This deviation comes from the entrance of the stack
in a plastic deformation regime [179]. This non elastic profile, means that
conventional models of membrane deflection cannot be used to estimate its
deflection and the local strain in the devices.
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Conclusion

This chapter reports the integration of c-Si resistors on a 3.6 pm-thick and 2.7
mm-diameter polyimide MEMS membrane using a monolithic processing
scheme. p-doped, patterned, c-Si resistors are fabricated without process
limitation or thermal budget. This is done by spin coating a polyimide
precursor at the end of the process.

This technique allows to use high-temperature processing technique and
enables the integration of any materials onto a flexible substrate. Further-
more, this process does not require a layer transfer as opposed to [180, 130].
This means that no specialised alignment tools or techniques are required.
Also, it makes the process wafer scale due to the spin coating approach. The
developed process is however not adapted, in its current form, for mass
production of flexible devices due to the required silicon substrate etching.
Completely free-standing devices would required a complete sacrifice of
the substrate which makes the process unlikely economically viable. A
solution would be to design a sacrificial buffer between the active layer and
the handling substrate.

A compact bulge test setup is assembled to pressurise the membrane to
induce strain in the devices. The bulge setup allows for precise induction
of pressure up to 100 kPa [173]. It can be placed under a white light in-
terferometer or Raman spectrometer for characterization while allowing
probes to be brought to the device. The complete platform, membrane
and instrumentation, makes for an interesting framework to electrically
characterise devices under strain.

The membrane is measured, in a preliminary test, up to 80 kPa. Its maximal
deflection with the pressure follows an expected cube-root trend up to 50
kPa [181, 177,178]. Past this point, it diverges from the cube-root profile and
reaches a final deflection of 145 yum. This deviation is expected to come from
the entry of the stack in a plastic deformation regime [182]. This is an issue
since it makes the use of available elastic model impossible [181, 177, 178].
This also means that we lack a model to predict the strain induced in the
device under test.
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In the next chapter, the plastic deformation hypothesis is tested. A Comsol
FEM model that takes the plastic effect into consideration is presented. It
will be used to compute the strain induced in the microfabricated devices
integrated on the polyimide membrane.

Take home messages

e A process for the monolithic and wafer scale integration of devices
made from c-5i, or other materials, on wide and thin polyimide mem-
brane is presented.

o A bulge test setup to pressurise the membrane up to 100 kPa is in-
troduced. It allows for multiphysics and in situ characterization of
microfabricated devices.

e A 2.7 mm-wide and 3.6 pm-thick PI membrane is shown to reach a
maximal deflection of 145 yum at 80 kPa. The membrane enters in
a plastic deformation regime leading to the need of proper Comsol
modeling.



Modeling and validation of
the straining platform with
c-Si demonstrators

n the previous chapter, c-Si resistors were fabricated on 2.7 mm-wide

and 3.6 pm-thick polyimide membrane. However, preliminary testing

showed that the membrane maximal deflection profile cannot be pre-
dicted by large deflection models [177, 178, 179].

This chapter introduces a Comsol FEM model to simulate the membrane’s
behavior under pressure. The goal is to compute the strain field induced
locally in the device under test, as a function of the applied pressure. This is
required since no direct measurement of the strain in the device is possible
in a membrane configuration as opposed to direct tensile testing [124, 125].
The fabrication of flexible MEMS membrane for high-deformation appli-
cation only makes sense if the local strain in the device under test can be
obtained as a function of the pressure. To do so, proper modeling of the
stack is required.

The parameters of the FEM model are fitted on the measured deflection
profile and the local strain in the c-Si devices located alongside the edge of
the membrane is recovered.
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The integration of c-Si devices as the first demonstrator is intentional as it
allows to use Raman spectroscopy to confirm the FEM results. The fabri-
cated c-Si devices are measured under a Raman spectrometer to recover
a pressure/ peak-shift relation. This experimental result is compared to a
computation of the peak-shift made using the results of the FEM model and
the phonon-deformation potential (PDP) theory.

This part of the manuscript tries to answer the following scientific question:

Can a Comsol simulation model the plastic deformation of a polyimide membrane
to compute the local strain field induced in the carried c-Si devices and how much
strain can be induced in the c-Si resistors?

To answer that question, this chapter presents:

o A Comsol model of the membrane that takes into account the plastic
deformation of the stack.

e A fitting of the model on an experimental measurement of the maxi-
mal deflection of the membrane, as a function of the pressure.

e Strain field computation locally in the c-Si device. The full strain
tensor is recovered from the model.

e Raman validation of the strain field. The shift of the c-Si Raman peak
is measured as a function of the pressure and used to validate the
strain field computation made by the plastic Comsol model.
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Membrane modeling

Due to the radical differences between the presented membrane stack which
uses a low Young’s modulus polyimide and a conventional silicon bulk
micro-machined or stress compensated MEMS membrane, the behavior
of the membrane cannot be predicted by usual analytic models like in
[155, 157]. Those models provide analytical pressure-deflection relationship
as well as hypothesis and analytical estimations of the strain components
around the edges of the membrane. Furthermore, as shown in Fig. 1.8, the
stack enters in a plastic deformation regime past a certain pressure level.
This renders the use of analytical models for large deflection membranes,
like the ones of [181, 177, 178], impossible as well.

To cope with this, a Comsol Multiphysics model of the membrane geometry
and stack is built. Comsol is an integrated FEM software that allows to
simulate single or coupled physics of complex geometries and designs. The
goal of the model are the following:

o Compute the maximal deflection of the membrane as a function of the
pressure in both the elastic and plastic deformation regime.

o Compute the pressure-strain relation locally inside of the microfabri-
cated devices in both deformation regimes.

A numerical twin of the membrane is built based on real measurements of
the stack and xy-dimensions of the as-fabricated sample. The metallic lines
extending from the die to the membrane as-well as the microfabricated de-
vices of interest are also modelled. The simulation uses the Solid Mechanics
module from Comsol to compute the stress, strain and displacement of each
node in the mesh [183].

Regarding the plastic behavior of the stack, the Swift model [184] is imple-
mented into Comsol to compute the actual stress and strain in the plastic
regime [184]:

& Neff
Oeff = O'y,eff(l + ) (2.1)
€0, eff

o and ¢ are the actual stress and strain while Oy,effs €0,eff and n.¢ are respec-
tively the effective yield stress, reference strain and hardening coefficients
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to be fitted on experimental data. In this work, only the effective yield
stress and hardening exponent are used as fitting parameters. This is be-
cause preliminary testing showed that neither the maximal deflection nor
the strain curve, relative to pressure, are impacted by the reference strain.
According to [184], the reference strain is used when the material under test
is pre-strained, which is not the case in this work.

Model fitting

In order to get a proper estimation of the local strain in the fabricated
devices, the model is fine tuned by fitting the maximal deflection of the
membrane, relative to the pressure, with experimental data. The model is
fitted following the protocol presented here below. Note that for each new
fitting step, the parameters from the previous ones are preserved.

Experimental measurement

The fabricated sample must be fully characterised. The model takes as input
the thickness of all the different layers as well as the real xy-dimensions of
the membrane. An experimental measurement of the maximal deflection of
the membrane, relative to the pressure must also be made.

Stack fitting

In some cases, getting a precise measurement of the thickness of each layer
in the stack is not possible. For instance, the process presented in this
chapter ends with a “timed isotropic BHF wet etch” of the BOX. This means
that the exact thickness of the residual SiO; is unknown and can only be
estimated based on the duration of the wet etch. In this case, an estimated
200 nm-thick layer of SiO; is expected to remain. A proper estimation of
the thickness of the residual BOX is paramount as it greatly impacts the
stiffness of the membrane. Fitting of the unknown thickness in the stack is
done before fitting the plastic parameters.

Fig. 2.1 illustrates the impact of the SiO; thickness in the stack. Five different
layers are tested between 200 and 500 nm. Increasing oxide thickness
is represented by plain line with squares from dark blue to light blue.
The overall maximal deflection profile of the membrane diminishes as the
residual BOX thickness increases. For this test, the simulation is done
without the plastic module, as visible in the cube-root trend of the deflection
profile [177, 178, 179].
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Fig. 2.1 Impact of the thickness of the silicon dioxide layer on the maximal
displacement of a 2.5 mm-wide, 2.5 nm-thick, polyimide membrane. Four
simulation results from the Comsol model are presented by plain blue lines
with squares. Dark to light blue is used to represent the tested thicknesses
of 200, 300, 400 and 500 nm, respectively. The overlaid arrow represents the
increase of silicon dioxide layer thickness.

Yield stress

The yield stress determines when the stack transitions from an elastic defor-
mation to a plastic one. A lower yield stress makes the stack enters earlier in
a plastic deformation regime [184]. This is well illustrated in Fig. 2.2. Four
yield stresses are tested between 400 and 600 MPa. They are represented by
plain lines with squares from dark to light blue for increasing values of the
yield stress. The entry in the plastic regime is observed to happen at lower
pressure for lower values of the yield stress.
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Fig. 2.2 Impact of the yield stress, 0, ,.f7, on the plastic regime of an
inflated, 2.5 mm-wide, 2.5 pm-thick, polyimide membrane. Four simulation
results from the Comsol model are presented by plain blue lines with squares.
Dark to light blue is used to represent the tested yield stresses of 400, 430,
500 and 600 MPa, respectively. The overlaid arrow represents the increase
of the yield stress.

Hardening exponent

The fitting of the hardening exponent is illustrated in Fig. 2.3. The hardening
determines the slope of the stress-strain curve once in a plastic deformation
regime and, in turn, the slope of the pressure-deflection curve in the plastic
deformation regime [184]. Four different hardening exponents are tested
from 0.01 to 10 and represented by plain lines with squares from dark to
light blue. The slope can be seen to decrease as the hardening exponent
increases.
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Fig. 2.3 Impact of the hardening exponent, n.¢¢, on the plastic regime
of an inflated, 2.5 mm-wide, 2.5 pm-thick, polyimide membrane. Four
simulation results from the Comsol model are presented by plain blue lines
with squares. Dark to light blue is used to represent the tested hardening
exponents of 0.01, 0.1, 1 and 10, respectively. The overlaid arrow represents
the increase of the hardening exponent.

Experiment modeling

The model is adapted to the particular design of the experiment. It is built
according to the real dimensions of the as-fabricated membrane to take into
account the process non-idealities such as the over-etch. The simulation
model is made out of a stack comprising a 200 nm-thick thermal silicon diox-
ide layer, the active 300 nm-thick patterned c-5i, the 180 nm-thick PECVD
silicon dioxide layer and a 3.6 um-thick polyimide layer similar to the one
presented in Fig. 1.2. A 2.7 mm-diameter circular membrane with c-Si
devices located around its perimeter is simulated. The materials Young’s
moduli are set to 87 GPa [185] and 2.7 GPa [168] for the SiO; and PI, respec-
tively. The stiffness matrix of silicon, Cg;, is used to take into account the
material anisotropy [186, 187]. In our case, the principal strain components,
exx and &y, are along Si<110>.
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Fig. 4.4(a) shows the full 3D model of the membrane. A quarter is simulated
to lower the computational cost. Symmetry conditions are applied at the
boundaries. Fig. 4.4(b) shows a zoom on the devices. In the model, both the
aluminium lines and devices are taken into account according to the real
design of the die, as shown in Fig. 1.1. The contact fingers are not simulated
because including them requires the use of very small mesh elements which
renders the computational cost to high. The over etch of the membrane
due to the XeF, release in taken into account. A 2.7 mm-wide membrane is
simulated as opposed to the 2.5 mm-width originally intended. This affect
the position of the devices relative to the edge of the membrane. Fig. 4.4(c)
shows the stack of the membrane without the bulk silicon for clarity.

The 180 nm-thick PECVD layer and the 200 nm-thick thermal SiO, layer are
treated as one layer located below the c-Si device. In practice, the silicon
island is located between the two. Preliminary testing showed that building
the model as in Fig. 4.4(c) does not impact the computed strain field while
allowing to reduce the computational cost. The represented thickness of 320
nm is lower than the initially estimated thickness of 380 nm. This is because
the schematic shows the stack used after calibration with an experimental
measurement. This is further explained in the next section.

Deflection results

A die carrying a 2.7 mm-diameter membrane is mounted on the bulge test
setup and the deflection profile of the membrane is measured. The addi-
tional pressure above atmospheric, AP, ranges from 1 to 80 kPa by steps of
1 kPa up to 22 kPa, 2 kPa up to 40 kPa and 4 kPa up to 80 kPa. The pressure
is then lowered following identical steps down to 1 kPa. The 0 kPa pressure
point is not measured because the released membranes do not have a flat
profile because of residual stress in the stack inducing buckling [176].

Deflection results of a 3.6 pm-thick and 2.7 mm-diameter polyimide mem-
brane are presented in Fig. 2.5. A subset of five raw deflection profiles is
illustrated in the figure’s inset. A gradient of color from light to dark green
is used to represent increasing pressure levels at 10, 20, 40, 60 and 80 kPa.
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Fig. 2.4 Comsol model of the 2.7 mm-wide and 3.6 pm-thick polyimide
membrane: (a) Overview of the complete model. A quarter of the membrane
is simulated to reduce computational cost. (b) Zoom on the c-5Si devices
and aluminium lines. (c) Stack simulated in the model. The thermal and
PECVD SiO; are treated as a single continuous layer and shown in gray.
The aluminium is in black, the c-5i in blue and the polyimide in green.

Green dots are used to represent the experimental data while dashed lines
represent the least-square error approximation of a second-order polyno-
mial. The membrane bulge increases with the pressure to reach a maximal
deflection of 145 nm relative to the die plane at 80 kPa.

The main plot reports the maximal deflection measured at each interme-
diary step. Measurements are displayed as light and dark blue dots for
increasing and decreasing pressure, respectively. Plain lines are used to
display the simulation results using the same color code. The dashed line is
a simulation of the stack but without the Swift model.

Upon pressurisation, the maximal deflection of the membrane follows a non-
linear cube-root trend as expected for large deflection scenarios [177, 178].
The deflection curve follows this trend, which is perfectly modelled by both
simulation models up to 50 kPa. Past this point, both the plastic simulation
and the experimental data start to diverge from the non-plastic simulation.
The deflection continues to increase up to the reported maxima at 80 kPa.
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Fig. 2.5 Deflection measurement of a 3.6 pm-thick 2.7 mm-diameter cir-
cular polyimide membrane: The inset shows a selection of local deflection
profiles under increasing pressure at 10, 20, 40, 60 and 80 kPa taken by a
white light interferometer. The main plot shows the maximum of each raw
deflection curve for pressure ranging between 1 and 80 kPa and then 80 to 1
kPa. Light and dark blue circles are used for experimental data points for
the up and down pressure sweeps, respectively. The plain lines represent
the simulation considering plasticity for both the up and down pressure
cycles with the same color code. The dashed line represents a simulation
that does not consider plasticity.

When the pressure starts diminishing, both the simulated and measured
maximal deflections start to decrease. The two curves follow a trend par-
allel to the dashed line which simulates the expected non-plastic behavior
of the stack. This relaxation profile is expected and well documented in
literature [188]. Once a material entered in a plastic deformation regime,
when stress is released, the stress-strain curve follows a linear trend and
reaches a permanently deformed final state, which is the case here at 1 kPa
at the end of the bulge test. The final relaxed state features a permanently
deformed shape with a residual deflection of 60 pm.
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The final fitted values of the Swift model parameters are 0y = 450 MPa
and nqg = 0.05. Those effective parameters allow to simulate the plastic
behavior of our specific stack and geometry. The model also allows to
estimate the residual BOX thickness at around 160 nm. This is well in line
with the process based estimation of 200 nm.

Strain results
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Fig. 2.6 Strain field simulation: Strain field inside a 0.3 pm-thick c-Si

device on a 3.6 pm-thick 2.7 mm-diameter polyimide membrane under

increasing pressure ranging from 0 to 80 kPa. Circles, squares and crosses
are used to represent eyy, £y, and ¢, respectively.

Fig. 2.6 depicts the simulated evolution of the strain field under increasing
pressure in R;. The plot only shows the main x-, y- and z-component as
the shear ones are evaluated to be close to zero. As can be read on the
graph, the strain field is an asymmetrical biaxial one. This is unlike what is
obtained for small deflection setups where devices located on the edge of
the membrane undergo uniaxial straining [127, 155].
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Upon pressurisation of the membrane, both ¢, and ¢, are steadily increas-
ing and follow a non-linear trend similar to the deflection. This is unlike the
linear evolution of strain with pressure reported by the literature for small
deflection setups [155, 157].

The entry in the plastic regime of the stack, at around 50 kPa, is visible for
both the x and y profiles with a decrease and increase of their respective
slope. A maximum of 0.37 % of deformation is obtained for ey, and 0.23 %
for ey in R;. €2, showcases a steady increase up to —0.18 %. The plasticity
of the deformation is not visible for ¢, since it is a linear combination of
both the x- and y-component of the strain tensor following;:

€2z = _VSi(exx + gyy) (2.2)

where vg; = 0.28 is the Poisson ratio of silicon [187].

Those results demonstrate the capacity of the flexible PI based platform to
induce reasonable strain levels of up to 0.37 % in silicon. This level is more
than one order of magnitude bigger than what is achievable with classical
bulk micro-machined or stress-compensated membranes that only induce
up to 0.04 % of strain in the device under test [127, 128]. The reported
deformation is however one order of magnitude lower to the 3.5 % of strain
reached by [130]. This is explained by both their thinner 10 nm-thick silicon
layer and higher 213 kPa maximum induced pressure.

Raman validation: theory

In order to properly validate the strain field results obtained from the
simulator, a Raman spectroscopy experiment is designed using a LabRAM
HR from Horiba Scientific equipped with a 514 nm laser. This non-destructive
measuring technique allows to obtain Raman spectra which are specific to
every material since they depend on their structural configuration [163]. At
rest, the Raman spectrum of (100) silicon is made out of three degenerated
optical mode centered around 520.7 cm ™! [164]. The longitudinal optical
mode (LO) dominates the two others (TO) and is the only observable one
[164].

40 |



Raman validation: theory | 2.4

Upon straining of the c-Si devices, the modification of the crystal lattice
results in a measurable shift of the Raman peak position which is used to
validate the simulation model [165].

Similarly to the deflection setup, the peak shift is measured for pressures
ranging from 0 to 80 kPa. The measurement is made using a 514 nm laser
that first penetrates through the 3.6 nm-thick PI layer. The PI layer does not
interfere with the experiment since polyimide features a low absorbance
coefficient for green light [189] and only features Raman peaks far from the
one of ¢-Si, at above 1000 cm ™! [190].

A 10-point mapping is done at each pressure step by measuring the Raman
response of the silicon device at 10 different locations of R; as illustrated
in Fig. 1.4(b). This mapping leads to noise and mismatch measurement
reduction and allows the extraction of the average peak-shift value induced
by strain in the silicon mesa.

Data processing starts by averaging the 10 Raman spectra of each pressure
step. The averaged peak is normalized relative to its own maximum and the
obtained data points are fitted by a Lorentzian function [163]. In the case
of a (100) top plane c-5Si, only the longitudinal optical mode is observable
[191]. The maximum value corresponds to this LO peak which is detected
around the initial 520.7 cm ! resting position. Doing this for each pressure
step provides us with an experimental measurement of the peak shift as a
function of the pressure.

To validate our simulation results, we solve the eigen-value problem of
[192] based on the secular matrix (2.3) of Ganesan. It is used to compute the
pressure-peak shift variation /iw; of the three Raman optical modes based
on the full non-linear strain tensor given by the FEM simulation. Solving
the eigenvalue’s problem allows to find the three A; and then the shifts

using hw; = /A; — wé with fiwg = 520.7 cm ~!. Three parameters (p, g
and r) called the phonon deformation potential (PDP) coefficients are used.
In this work, coefficients reported by [193] and [194] are used.

Solving the eigenvalue problem based on (2.3) using the Comsol strain tensor
provides us with a theoretical estimation of the strain/peak-shift relation
that can be compared with the actual Raman experimental data [179].
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Raman validation: results

Fig.2.7 highlights the results of the Raman validation experiment. The inset
provides a selection of raw Raman spectra at increasing pressure levels of
10, 20, 40, 60 and 80 kPa. The shift of the maxima can be seen in the inset.

The main plot reports the evolution of the silicon LO peak position as a
function of the pressure between 0 and 80 kPa. The experimentally obtained
data is represented as blue dots. The simulation of the Raman peak shift is
provided by the plain blue lines. They are computed based on the simulated
strain tensor for two different sets of p,q and r PDP coefficients provided by
[193] and [194].

Contrary to what is usually found in literature, the complete strain field
obtained from the FEM model is used to estimate the Raman peak-shift
instead of the other way around. Indeed, paper such as [130] uses Raman
spectroscopy to get an indirect measurement of a given component of the
strain. They rely either on an empirical peak-shift/strain relationship as
in [130, 195] or on a simplification of the full Ganesan matrix as in [196] to
get a strain measurement based on a Raman experiment. While successful,
this approach only works when an empirical peak-shift/strain relation is
available and when strong assumptions can be made on the shape of the
strain field.

In this work, the opposite is done. Instead of using Raman spectroscopy to
measure the strain, we get the strain from an FEM model and use the full
tensor to compute the Raman peak-shift and compare it to an experimental
measurement. This allows the use of the full strain tensor without a-priori
knowledge on its shape and components. As visible in Fig.2.7, a good
agreement between the simulation and the measurement is obtained.
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Fig. 2.7 Raman silicon peak shift: Raman peak shift measured into a
0.3 pm-thick c¢-Si resistor on a 3.6 pm-thick 2.7 mm-diameter polyimide
membrane under increasing pressure levels. The inset represents the raw
Raman spectrum of the silicon at pressures of 10, 20, 40, 60 and 80 kPa.
The main plot shows the evolution of the position of the LO optical mode.
Blue dots represent the experimentally obtained peak shifts. Plain light and
dark blue lines represent the simulated peak shift obtained using the PDP
coefficients from Peng and al. [194] and Anastassakis and al. [193] in R;,
respectively.

Since the experimental peak shift is an expression of the impact of the com-
plete non-linear biaxial strain field in silicon, this gives us strong confidence
in the simulated strain tensor. The deviation between the FEM model and
the experimental measurement is explained by the angle of incidence of the
Raman laser. The important deflection of the membrane leads to the inclina-
tion of the c-Si devices. An angle of 3.6° is reached at 5 kPa, 5.6° at 10 kPa
and 9.6° at 80 kPa , relative to the die plane. This induces a Raman response
from the (TO) phonon optical modes. This additional contribution to the
Raman spectrum reduces the accuracy of the LO peak extraction[197, 198].
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This validation, made on a canonical material like silicon, implies that our
simulation framework is valid and can be used to predict the induction
of strain in p-VO, devices, as presented in the next chapters. This is be-
cause, for the Comsol model, the only difference between ¢-5i and p-VO,
is its Young’s modulus. This is of particular interest since VO, features a
multi-peaks Raman spectra for which no empirical strain-shift relations are
available.

Furthermore, the agreement between the simulated and experimental strain
tensor demonstrates that fitting the simulation parameters on a measure-
ment of the deflection of the membrane is sufficient to precisely estimate
the strain in the electrical devices. It also demonstrates proper adhesion and
hence stress transfer from the membrane to the c-Si device without slippage
or delamination of the film.

Conclusion

This chapter reports the modeling of strain in c-Si resistors fabricated on
a 3.6 pm-thick and 2.7 mm-diameter polyimide MEMS membrane using
a Comsol Multiphysics FEM model fitted on a measurement of the mem-
brane deflection [179]. The Swift plastic model [184] is implemented in
Comsol to simulate the behavior of the membrane. The relative stress, strain
and hardening exponent are fitted on an experimental measurement of the
membrane deflection under pressure to calibrate de model. An excellent
agreement between the simulated and measured deflection is obtained in
both the plastic and elastic deformation regime.

The strain field in the c-Si resistors is found to be non-linear and biaxial.
This is unlike what is obtained for small deflection setups where devices
located on the edge of the membrane are expected to undergo uniaxial
straining [127, 155]. A maximal strain of 0.37 % is obtained in the silicon
along the x-direction. This is a 10-fold increase compared to conventional
bulk micro-machined or stress compensated membranes [127, 128]. It how-
ever is 10-times lower than what is reported by [130] but this is linked
to their use of ultra-thin 10 nm-thick silicon devices compared to our 300
nm-thick pixels. The shear components are evaluated close to zero.
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The validity of the simulated strain field is checked by Raman spectroscopy.
A technique based on the resolution of Ganesan secular equation using the
simulated strain tensor is used. Excellent agreement of the simulation and
Raman experiment allows to have strong confidence in the simulated strain
field. This agreement demonstrates that fitting the simulation parameters
on a measurement of the membrane deflection is sufficient to predict the
local strain field in the device.

This chapter validates the following methodology to perform high-strain
studies on any material without the need for in situ strain measurement:

i Fabrication of the device to be strained via conventional processing
techniques.

ii Integration on flexible substrate.
iii Measurement of the membrane deflection under pressure.

iv Fitting of the simulation parameters to obtain a complete pressure-
strain field relation.

The rest of the work details the use of this methodology to characterise
strained p-VO, resistors.

2.7  Take home messages

o A Comsol FEM model is developed to model the deflection profile of a
large polyimide membrane in both the elastic and plastic deformation
regime. Both the up and down pressure sweeps are properly modelled
by the FEM simulation.

o The Comsol FEM model fitted on an in situ measurement of the max-
imal deflection of the membrane allows to compute the full strain
tensor inside of integrated devices.

e The strain field is validated by simulating the Raman peak-shift in
c-5Si using the PDP theory and comparing it to an experimental mea-
surement of the shift in the devices.






p-VO» integration on a
thin-polyimide membrane

he previous two chapters established the processing techniques,

simulation tools and experimental setups required to fabricate and

characterise c-Si devices up to 0.4 % of strain. In this chapter, we
explore the process required to integrate thermally annealed p-VO; onto
polyimide.

As already established, the monolithic process presented in this work
renders the integration of materials that require high-temperature pro-
cessing compatible with soft polymers like polyimide. This is of interest
since the integration of VO, on polymers relies on the complex and hard
to scale transfer of the layer [146, 89] or on low temperature processes
[139, 140, 141, 142, 131, 143, 144] which yield layers of low crystallinity
[145, 146, 140]. Monolithic direct integration of high-quality [145, 147] sput-
tered p-VO; layers onto flexible substrate is of interest but remains out of
reach due to the limited thermal budget of polymers [150, 150, 151] and
the high-temperature annealing required to reach the desired level of crys-
tallinity [152, 153, 154].

In this chapter, the monolithic integration of thermally annealed p-VO,,
deposited by sputtering, onto polyimide is presented. First, the synthesis
of the material and deposition protocols are detailed. The characteriza-
tion steps, required to check the quality of the film in terms of grain size
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and stoichiometry, are presented. Once done, a proof of concept of the
monolithic integration on polyimide is presented. This demonstration inte-
grates a blanket layer of p-VO, onto a released polyimide membrane. This
demonstration is required for two reasons:

e Adhesion testing: Before rushing into the integration of patterned
p-VO, devices on polyimide, the adhesion between the materials and
the process feasibility must be tested.

¢ Young’s modulus: A measurement of the Young’s modulus of the
as-deposited p-VO; is critical to get a proper estimation of the strain
from the Comsol model, in the next chapter. Values from the literature
span over a wide range for p-VO,, which renders the measurement of
the modulus of the deposited thin film paramount [161, 160, 162].

This chapter tries to answer the following research question:

How to integrate thermally annealed p-V Oy on a thin, released, polyimide
membrane to recover its Young's modulus?

To answer that question the following elements are tackled:

o Synthesis: The processing of vanadium into p-VO, via reactive sput-
tering is presented. The details on recipe calibration as well as the key
deposition and annealing parameters are explored. The fundamen-
tal characterization steps to attest of the correct stoichiometry of the
as-deposited thin film are discussed.

e Adhesion testing: A preliminary fabrication process is proposed to
demonstrate the feasibility of the integration of p-VO; on a polyimide
thin film. A blanket layer of p-VO; is deposited and covered with an
unpatterned PI layer.

¢ Young's modulus: Using the demonstrator, a measurement of the
Young’s modulus is performed. This is done by fitting a maximal
deflection simulation of the stack on an experimental bulge measure-
ment.

The goal of this chapter is to prepare the ground for the integration of p-VO,
resistors on a thin and wide polyimide membrane for high-strain studies,
in the last chapter.
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VO, synthesis

This section details the generic process and parameters used to synthesize
polycrystalline vanadium dioxide (p-VO,) thin films. A combination of
two techniques is used: room temperature reactive sputtering and thermal
annealing [199, 200, 201, 202]. The protocol detailed here below is strongly
inspired for the previous work made internally at the Winfab facility of the
UCLouvain and well detailed in [154, 203, 204].

The deposition is done in a sputtering chamber from AJA International [205].
The reactor is represented in Fig. 3.1(a) while Fig. 3.1(b) shows a picture
of its inside. Sputtering works by the injection of argon gas between two
electrically biased electrodes, generating a plasma [206, 207, 208, 209]. The
argon ions from the plasma are attracted and accelerated toward a target
of material, at the bottom of the schematic in Fig. 3.1(a). The high-energy
impact of the argon ions with the target generates a plume of striped atoms
from the target that deposits onto the sample. The deposition plume is
shown in blue in Fig. 3.1(a). Contrary to a thermal evaporation, the vacuum
induced in the chamber is quite low and the atoms from the deposition
plume arrive on the sample with high kinetic energy and with a randomised
incidence angle. This leads to the deposition of materials with good confor-
mity on the final sample, at the top of Fig. 3.1(a) [210, 211].

In this work, a 99.9 % pure vanadium sputtering target from Neyco is used
[212]. A 100 % argon sputtering of this target results in the deposition
of a metallic layer of amorphous vanadium onto the sample of interest.
To obtain a stoichiometric layer of vanadium dioxide, the use of reactive
sputtering is required. This works by precisely controlling the power, the
pressure and the gaz mixture in the plasma to obtain the oxidation of the
sputtered vanadium plume into vanadium dioxide [213, 214, 215, 216]. By
controlling those parameters, stoichiometric a-VO, is deposited onto the
sample of interest. The access ports for the vacuum and the gases are visible
in the schematic of Fig. 3.1(a).

The chamber allows to sputter material at room temperature. This means
that the growth of VO, crystal cannot occur during the deposition step but
must be handled afterwards.
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After sputtering, the obtained layer is amorphous. Thermal annealing is
used to allow the spontaneous growth of VO, crystallites from amorphous
to polycrystalline [152, 153]. By controlling the annealing temperature, a
tuning of the final grain size is achieved [154]. The spontaneous growth of
the crystals is possible since the a-VO; is deposited on a thermally oxidised
bulk silicon wafer. The amorphous SiO; allows to separate the VO, from
the lattice of silicon, which renders its crystallisation possible [154].

This section provides all the details about the specifics of the process re-

quired to obtain stoichiometric p-VO, using reactive sputtering and thermal
annealing.

(a) (b)

Glow
Discharge
X
| -V (dc) |
Ar/O, Vacuum

Fig. 3.1 Reactive sputtering setup used to deposit a-VO;. (a) Schematic of
the deposition chamber. Adapted from [209]. An inlet allows the controlled
injection of argon and oxygen while an outlet connected to a turbo-pump
allows to generate a controlled vacuum. A DC source is used to generate a
plasma and the deposition plume, shown in blue. The vanadium target is
visible at the bottom of the schematic while the wafer is held upside down at
the top. (b) Picture of the inside of the deposition chamber. Five deposition
guns holding five different targets of various materials are visible.
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Sputtering

Stoichiometry calibration

Since the target used in this work is a 99.9 % pure V target from Neyco [212],
reactive sputtering is required. A controlled amount of oxygen is injected
in the reactor with the argon in order to oxidise the sputtered vanadium
plume. However, many different vanadium oxides exist [217, 218] and only
a specific window of deposition parameters allows to obtain stoichiometric
VO, [219].

As reported in [220, 219], the most important parameter during the depo-
sition is the amount of oxygen injected alongside the argon flow. Oxygen
determines the oxidation state of the sputtered vanadium. As explained
in [219], for a given set of deposition parameters (notably the sputtering
power and chamber pressure), the amount of oxygen directly influences the
stoichiometry of the deposited oxide as well as the sputtering rate. Indeed,
too little or too much oxygen will lead to either under or over oxidation,
leading to the deposition of the wrong vanadium oxide.

A calibration of the deposition is required to determine the amount of oxy-
gen needed to get stoichiometric VO, [219]. A calibration procedure, based
on a measurement of the relative sputtering rate as a function of the oxygen
concentration, is performed for each new vanadium target used. This pro-
cedure must also be done at the half life of the target since the calibration
curve tends to shift as the target ages. If not taken into account, this shift
ultimately leads to the production of the wrong vanadium oxide [219].

The calibration in itself consist in a measurement of the poisoning [221, 222]
of the target, as in [219]. It is done as follows:

o New crystal installation: For each calibration, the sputtering chamber
is vented and a new oscillator crystal is put inside of the sputtering
rate measurement unit. The measurement of the sputtering rate is
done by measuring the deviation of the oscillation frequency of the
crystal compared to its resonance one [223, 224]. As sputtering occurs,
material gets deposited on the crystal. This changes its mass and in
turn shifts its oscillation frequency. In certain scenario, like thermal
evaporation of known metals or compounds, this method is used to
get measurements of the deposition rate [223, 224].
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The absolute measurement of the rate requires knowledge of the
material density as well as fitting parameters that depend on the
chamber parameters. In the case of the calibration, the amount of
oxygen is swept and different oxides get deposited. Since the different
compounds feature different densities, an absolute measurement of
the rate is not possible. This is why the results from Fig. 3.2 are
normalised.

Cleaning: The vanadium target is cleaned by an argon plasma for five
minutes. This is to remove contaminants or native oxide from the new
target or remaining oxides from previous depositions in the case of a
mid life target. The cleaning is done under a closed shutter for five
minutes in a chamber pumped at 5 mTorr, with a 200 W pure argon
plasma.

Target poisoning: The shutter is opened and the calibration starts with
an oxygen/argon ratio of zero percent (0/50 sccm/sccm of O,/ Ar).
The DC source is set in power control mode to let the IV parameters
of the plasma floating. The oxygen amount is increased by steps of
2 % up to 24 %. A three minutes stabilisation period is left between
two increases of the oxygen amount to let the target reach a steady
oxidation regime which in turns leads to a plasma with stable I and V
parameters. After the three minutes, the plasma parameters (voltage,
current, power) are logged along with the relative sputtering rate. As
can be seen in the Fig. 3.2, the sputtering rate decreases quickly as
the amount of oxygen increases. This is due to the over oxidation of
the vanadium target which becomes insulating and renders the DC
sputtering ineffective. This phenomenon is called poisoning [221, 214,
213, 222].

Range identification: Fig. 3.2 shows the calibration curve obtained in
the AJA Instrument [205] sputterer for a new pure vanadium target. Its
profile is as expected from [219]. The curve features a sharp increase
of the sputtering rate between 0 % and 2 % of oxygen before slowly
decreasing to a fully poisoned state at 24 %. The obtained result is
compared with [219] which allows us to identify a range of oxygen
which should give stoichiometric VO,. For the considered calibration,
the range is illustrated in green in Fig. 3.2 and sits between 5 % and
14 % of oxygen.
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¢ Range validation: Once the range is identified, amorphous VO, is
deposited, on different samples and at different oxygen concentrations
located within the range. The sample are then annealed at the same
time and under the same conditions. This part is discussed in the
next section. This step is critical as it allows to produce samples
to be checked by scanning electron microscopy (SEM) and Raman
spectroscopy to validate the stoichiometry [217, 218] and topological
[225, 226, 152] parameters of the final p-VO, thin film.

e Plasma parameters: After the SEM and Raman inspection of the
samples, an oxygen set point is selected. In order to fix the parameters,
the current at which the plasma settled while in power control mode
must be used for subsequent depositions.
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Fig. 3.2 Calibration curve of the reactive sputtering of a V target in reactor
from AJA international. The relative sputtering rate is measured at different
ratios of oxygen ranging from 0 % to 24 % . Experimental measurement is
shown by a plain blue line with dots. The green area represents the range
in which the reactor produces stoichiometric a-VOs,.
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Deposition protocol

A typical deposition can be done following the given protocol. This deposi-
tion protocol is adapted from [199, 200, 201, 202, 154]:

Cleaning: First, the vanadium target is cleaned by a pure argon
plasma. A shutter, located right above the deposition target is closed
to prevent deposition of species on the sample. All shutters can be seen
open in Fig. 3.1(b). This step is used to remove potential contaminants
or residual VO, phases that might have formed on the surface of the
target during previous reactor operation. This step takes place under
a vacuum of 5 mTorr, a 200 W plasma, an injection of 50 sccm of argon
and 0 sccm of oxygen for a duration of five minutes.

Oxidation: To do so, a precise amount of oxygen is added to the
argon flow. This amount must be calibrated by prior testing and by
measurement of the calibration curve of the vanadium target. This
step takes place under a vacuum of 5 mTorr and a 200 W plasma. A
typical ratio of gas is 43.5 sccm of argon and 6.5 sccm of oxygen. The
oxidation is done for a duration of three minutes in order to bring
the target to a steady state regime prior to the deposition step to
avoid evolution of the stoichiometry after the shutter is opened. This
duration was previously established in the lab and not challenged in
this work [203].

Deposition: The shutter is opened to allow the deposition plume
to reach the sample. The deposited material is stoichiometric, amor-
phous VO; if proper oxidation of the target surface was achieved.
The deposition parameters are the same as the ones of the oxidation
step. A typical sputtering rate between 6 and 12 nm/min is achieved,
depending on the age of the target. The actual sputtering rate is mea-
sured after the deposition by inspection of the wafer cross section in
an SEM.



VO, synthesis | 3.1

Annealing

At this stage, the deposited layer is in an amorphous state since the deposi-
tion is done at room temperature. No crystal growth happens during the
deposition as opposed to some setups where the sample is kept at high-
temperature such as in [148, 227, 149].

In this work, the samples is be thermally annealed in order to go from
an amorphous state to a polycrystalline one [154, 199, 200, 202, 225]. The
annealing takes place in a tubular furnace put under a 2.01 x 10~! hPa
vacuum and with an argon flow of 30 sccm. This is done to ensure that no
further oxidation occurs during the annealing since the stoichiometry is
fixed by the sputtering step. During annealing, only the crystallites size can
be tuned by changing the temperature [152, 154, 225, 226].

The annealing in itself follows a thirty minutes ramp up to the desired
temperature. The furnace is held for one hour at the nominal temperature
to allow for the spontaneous growth of the VO, crystals. The annealing
temperature sits in the range of 450°C to 650°C, depending on the desired
crystal growth.

Temperature impact

The annealing temperature is the most important parameter in the control
of the crystallite size in a polycrystalline VO, thin film. Indeed, as explained
in [152, 154, 225, 226], the grain size in the final thin film increases with
the increase in temperature. Control of the grain size is critical as it greatly
impacts the electrical and phase transition properties of the material. This is
well established in literature [153, 154, 226, 228] but lies beyond the scope
of this work.

Fig. 3.3 illustrates the increase of the grain size with increasing temperature.
Three thin films are deposited at 12 % of oxygen and subsequently annealed
at 550°C, 600°C and 650°C. The increase in the grain size is visible in both
the top and cross view of the thin films pictured by SEM.
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Fig. 3.3 SEM micrographs showing the impact of the annealing tempera-
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Oxygen impact

Apart from being the most important parameter to obtain stoichiometric
vanadium dioxide [220, 219], the amount of oxygen also plays a role in the
final size of the crystallites. This result was established in [203, 229] and
reproduced in Fig. 3.4. Six different thin films are deposited with concentra-
tions of oxygen between 6 % and 16 %. All other deposition parameters are
kept the same (5 mTorr, 200 W plasma and 13 minutes of deposition) and
the samples are annealed at the same time at 650°C four one hour under an
argon flow.

Fig. 3.5 shows the Raman spectra of the considered thin film. The top plot
represents the spectra of the films deposited between 6 % and 14 % of
oxygen. All of them correspond to the Raman signature of stoichiometric
VO,, according to [217, 218] This means that, in the range identified during
the calibration process, all ratios of oxygen yield stoichiometric vanadium
dioxide thin film. The amount of oxygen does however impact the final
grain size with grain size between 20 and 50 nm for the thin film deposited
at 6 % of oxygen and between 200 and 400 nm for the thin film deposited at
14 % of oxygen. This means that controlling of the oxygen amount provides
another lever of control on the final film topology, in addition with the
annealing temperature [203, 229].

Further increase of the oxygen amount yields the production of an over
oxidised vanadium oxide. The thin film deposited at 16 % can be seen in
Fig. 3.4 and its corresponding Raman spectrum is provided in Fig. 3.5(b).
Reading [218], the high-intensity peak located before 150 cm ™! is a sign of
over oxidation and can be linked to the production of parts of V¢O;3 or
V,0s5 along with the VO,

Raman spectroscopy does not provide a quantitative characterization of the
crystallised thin-film but only allows to identify the dominating stoichiome-
try. X-ray diffraction (XRD) is used to characterise VO, thin-film [218] as it
allows to recover the composition, dominant crystallographic orientation
and phases in the thin-film [230]. In this work, this step was skipped as
the focus was on device integration rather than process optimisation. This
was done on the basis of previous published work of the lab that estab-
lished XRD characterizations of p-VO, thin-films deposited using the same
techniques, equipments and parameters as in this work [203, 154].
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Fig. 3.4 SEM micrographs of p-VO, and p-V,O, thin films deposited
by reactive sputtering with different amounts of oxygen. All films were
annealed at 650°C for an hour and at once. Films deposited at 6, 8, 10, 12, 14
and 16 % of oxygen are shown. All films are p-VO, except the one deposited
at 16 % of oxygen.
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Fig. 3.5 Raman spectrum of p-VO, thin films deposited by reactive sput-
tering with different amounts of oxygen. All films are annealed at 650°C for
an hour and at once. (a) Raman spectra of p-VO, thin films deposited at 6,
8,10, 12 and 14 % of [O,] in the oxygen/argon mix. (b) Raman spectrum of
a p-VxO, compound deposited at 16 % of [O,] in the oxygen/argon mix.
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RT validation

An additional characterization is to check the transition properties of the
material. While the metal-to-insulator transition (MIT) is not the topic of
this thesis, it serves as a good indicator whether or not the deposited layer
behaves as expected. When heated, the electrical resistance of the material
is expected to slowly decrease up to a transition temperature around 70°C
[112,113, 114]. At this temperature, the crystal undergoes a structural phase
transition (SPT) from its M1 state to its metallic R one [231, 232, 233]. A
resistance variation between one and five orders of magnitudes (OOM) is
expected [113], depending on the sizes of the crystallites in the p-VO, thin
film [234, 235, 236].

When cooled, VO, transitions back to its semiconducting state at a lower
temperature than the one of the heating sweep [114]. This defines the
transition window of the well-known hysteresis of the vanadium dioxide
transition [112].

The observation of the resistance/temperature (RT) curve of VO, and the
measurement of the transition temperature, resistive ratio between the low-
and high-resistivity states and the hysteresis window provide good indica-
tions on the quality of the as-deposited layer [113].

Fig. 3.6 shows the RT profile of a 130 nm-thick vanadium dioxide layer
deposited at 13 % of oxygen in the gas mixture and annealed at 500°C. The
transition features a two order of magnitude resistive switch and a MIT
temperature of 71°C. The hysteresis window is of 11°C. All those values are
well in line with the literature for similar thin films [148, 149].
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Fig. 3.6 Typical profile of the electrical resistance variation of a p-VO,
resistor as a function of the temperature. A different path is followed
for increasing and decreasing temperature, forming an hysteresis. The
measurement is performed in a climatic chamber using a four probes setup
for a 130 nm-thick layer of vanadium dioxide deposited at 13 % of oxygen
and annealed at 500°C.

p-VO, blanket on polyimide membrane

Motivation

The integration of a vanadium dioxide blanket layer onto a large polyimide
membrane is illustrated in Fig. 3.7. The motivation behind the integration
of an unpatterned thin-film of the material onto a membrane is two-folds:

e Adhesion testing: Before trying to integrate devices via a complete
and more complicated fabrication process, the proper adhesion be-
tween the PI layer and the p-VO, must be verified.
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e Recovery of the Young’s modulus of p-VO,: In order for the Comsol
FEM model to properly compute the local strain in p-VO; devices
built on a polyimide membrane, the exact Young’s modulus of the
material must be known. The fabricated samples are used to estimate
the Young’s modulus of the film to solve the high uncertainty reported
in the literature. Indeed, a wide range of modulus, from 86 to 170
GPa, are given in the literature due to the important impact of process
parameters on film topology [160, 161, 162].

Process

Fig. 3.7 shows the process used to integrate a thermally annealed p-VO,
blanket layer on a 2.5 mm-wide and 3.2 um-thick polyimide membrane.
The process starts in Fig. 3.7(a) with a 380 um-thick thermally oxidised bulk
silicon wafer. The bottom layer of thermal silicon dioxide is removed by a
BHF wet etch. The remaining top layer of silicon dioxide is measured to be
220 nm-thick by ellipsometry.

A 220 nm-thick layer of a-VO, is deposited by reactive sputtering in Fig. 3.7(b)
following previously established recipe from the Winfab facility of the
UCLouvain [154, 203, 204]. The deposition is made in a sputtering chamber
from AJA Instrument using a 99.9 % pure vanadium target from Neyco [212].
The chamber is held at a pressure of 5 mTorr under an argon flow of 43.5
sccm and an oxygen flow of 6.5 sccm. The plasma is stabilised at 200 W
in a current control mode set at 450 mA. The a-VO, layer is crystallised
to obtain a p-VO; blanket layer by a 550°C thermal annealing. The wafer
is placed under a 2.01 x 10~! hPa vacuum with a 30 sccm argon flow to
prevent re-oxidation of the VO, layer. A 30 minutes ramp is used to get
to a final temperature of 550°C maintained for an hour. After annealing,
the deposited layer is confirmed to be p-VO, by both SEM microscopy and
Raman spectrometry [217, 218].
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Fig. 3.7 Process flow schematics: Summary of the fabrication process
to integrate p-VO; thin films on a free standing, 2.5-mm wide, polyimide
membrane. (a) Initial bulk silicon wafer with 220 nm of thermal SiO; on
top. (b) Sputtering of a 220 nm-thick p-VO; layer. (c) Deposition of a 50
nm-thick SiO, adhesion layer via PECVD. (d) Spin coating of a 3.2 pm-thick
layer of polyimide. (e) Backside definition of an Al hard-mask by thermal
evaporation and wet etching. (f) Membrane release via XeF,.

Preliminary testing showed poor adhesion of cured PI precursor on p-VO,
with a systematic failure of the pull test [237]. To cope with this, a 50
nm-thick layer of silicon dioxide is deposited by PECVD in a reactor from
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Oxford Instrument in Fig. 3.7(c). This thin SiO, layer acts as an adhesion
promoter between the polyimide and the p-VO;. This proves very effective
with a systematic pass of the pull test across multiple samples. Silicon diox-
ide was chosen as adhesion promotion layer as in the two previous chapters.

As explained in chapter two, the excellent agreement between the Raman
peak-shift measurement and Comsol simulation confirms the transfer of
strain through the PI/SiO, interface without slippage. Additional com-
ments on the proper adhesion between the polyimide layer and the silicon
dioxide buffer layer are presented in the next chapter.

The polyimide layer is next integrated in Fig. 3.7(d). First, the wafer is
primed using an adhesion promoter, VM652 from HDMicrochemicals [169].
P12545 [168], the PI precursor from the same brand, is spun at 1800 RPM
then cured at 350°C, under an argon flow, for one hour. The final layer
thickness is measured to be of 3.2 pm-thick by ellipsometry. The higher
rotation speed compared to the two first chapters was used to obtain a
thinner layer of polyimide as preliminary testing for the next chapter. This
is of interest since thinner polyimide leads to higher strain for the same
amount of applied pressure.

The shape of the membranes is defined on the back side of the wafer by
patterning an hard mask, as in Fig. 3.7(e). A 300 nm-thick layer of alu-
minium is deposited using a thermal evaporator from VST. Patterning of
the aluminium is done via photolithography and a timed H3PO, /IPA wet
etch at 60°C.

Finally, the membrane is released in Fig. 3.7(f). The release is done by an
isotropic dry etch of the sample in XeF, using a reactor from Xactix. The
final membrane is a 2.5 mm-diameter circular diaphragm.
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Young's modulus recovery

In order to obtain a proper simulation of the local strain field induced in the
p-VO,, the mechanical properties of the material must be known. Among
them all, its Young’s modulus (Ey0,) plays an important role as it directly
links the amount of strain induced in the material to the applied force
(o = Ee).

Looking in the literature, it quickly appears that the value of Ey, is strongly
impacted by process variation and film topology. Table 3.1 summarises
the different values of Young’s modulus available for VO, in the literature.
A wide range of values is presented, even if only looking at the polycrys-
talline thin-films. This search highlights the need for a proper estimation
of the E,_yo, of our particular thin film. Indeed, depending on the se-
lected value from the literature, an uncertainty of e = £25.3 % might be
introduced on the strain estimation computed by the Comsol FEM model
(e = £(86[GPa]/170[GPal) * 50, in percent and based on the min. and max.
values from 3.1).

E [GPa] | Material Type Deposition Measurement Source
. p-VO, Reactive S .

140-170 Thin film Sputtering Microindentation [161]

86 p-VO, Pulse laser Cantilever [160]

Thin film Deposition oscillation
155 c-VO, Vapor transport Beam deflection [162]
Nanobeam Epitaxy AFM
p-VO, Reactive Membrane .
120 Thin film Sputtering deflection This work

Table 3.1 Young’s modulus of different types of VO, available in the
literature.

To properly estimate the Young’s modulus of the as-deposited thin-film,
a bulge test is performed following a slightly modified routine of the one
presented in the first two chapters of this work. This approach is well
documented in the literature [238, 239, 240, 241]. The idea is to fit the
deflection of a composite membrane stack with a pre-established model of
the membrane.
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For this to work, the structural material of the membrane must be fully
characterised and the bulge of the membrane on its own must be perfectly
modelled. By adding a material on top of it, the stiffness of the membrane
increases and its bulge profile with pressure changes. This allows to recover
mechanical parameters of the deposited thin-film, via fitting of the model.
In this work, the proper modeling of the polymeric stack is already demon-
strated in the first two chapters. The model is used to recover the Young’s
modulus of the as-deposited p-VO; layer. This technique is well suited for
this work since we already have a fabricated PI membrane with a p-VO,
thin film, the model of the blank membrane and the experimentation setup.
It allows to measure the modulus without having to use more complex
microindentation measurement, as in [161].

First, a die carrying a 2.5 mm-wide, 3.2 pm-thick polyimide membrane with
a 220 nm-thick layer of p-VO, is mounted on the bulge test setup introduced
in the second chapter of this work (Fig. 1.5). The die is glued on an 5 mm-
thick aluminium plate which is mounted on a pressure vessel connected to
a pressure generator from Halstrup Walcher, the Kal-100 [173]. The pressure
vessel is placed under a white light interferometer [174] to measure the
displacement of the membrane as a function of the applied pressure.

A pressure cycle, with sweeps from 0 to 100 and 100 to 0 kPa, is applied to
the membrane, inducing bulge. For each pressure step the membrane dis-
placement is measured by the white light interferometer and the maximal
displacement is recovered after levelling of the results. From the pressure
cycle, only the down part is kept in order to obtain a result which is not
impacted by plastic effects [188, 179].

Keeping this half of the measurement allows to fit the displacement of a
Comsol model of the stack presented in Fig. 3.7(f) on the Young’s modulus
of the p-VO, thin film only. Indeed, in the up part of the cycle, the pres-
sure/displacement curve is impacted by the plastic parameters of the Swift
model, the Young’s modulus of the p-VO, blanket and the dimensions and
layer thickness of the as-fabricated sample. Since the only unknowns to
be fitted by the Comsol model are the plastic parameters and the Young’s
modulus, keeping only the relaxation sweep from 100 to 0 kPa allows to get
rid of all fitting parameters beside the Young’s modulus.
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The results of the experiment are visible in Fig. 3.8. Three different values
of E, yo, are simulated: 100, 120 and 140 GPa, as visible in Fig. 3.8(a) and
shown in light to dark blue line with dots, respectively. The graph shows
the simulated maximal displacement of the membrane as a function of the
pressure for a pressure ranging from 100 to 0 kPa. The simulation is done
considering no plastic effect. This hypothesis is made on the basis that
the relaxation part of a stress/strain curve follows an elastic path [188]. A
maximal deflection of 123 pm is reached at 100 kPa. As can be seen on
the plot, the maximal deflection is impacted by the increase in the Young's
modulus. As the modulus increases, the membrane becomes stiffer, which
leads to lower general deflection.

Fig. 3.8(b) shows an overlay of both the result from the Comsol FEM model,
in a dashed blue line, and the experimental results, in dark blue dots, from
the bulge test. The simulation result is obtained by using a Young’s modulus
of the p-VO, of 120 GPa. An excellent agreement between the experimental
result and the FEM model is obtained. Furthermore, the obtained Young’s
modulus, 120 GPa, falls well in the range obtained by the literature, as
visible in 3.1. This result validates the approach adapted from the literature
[238, 239, 240, 241]. This value of the Young’s modulus of p-VO; is the one
used in the rest of this work.
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Fig. 3.8 Calibration of the Comsol model of a 2.5 mm-wide and 3.2 ym-
thick p-VO,/PI membrane: (a) Simulation results of the 2.5 mm-wide
membrane under increasing pressure ranging from 100 to 0 kPa. Three
different p-VO, Young’s moduli are tested. Simulation results for E, v,
of 100, 120 and 140 GPa are represented by plain light to dark blue lines
with dots. (b) Calibrated Comsol Model using a Young’s modulus of 120
GPa. The simulation results are shown by a dashed blue line while the
experimental measurements are represented by dark blue dots
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Conclusion

This chapter presents all the basics required to process p-VO; thin films
on large polyimide membranes. The deposition parameters and protocols
to obtain stoichiometric p-VO, are presented. The monolithic fabrication
process to integrate microelectronics on a polyimide membrane is adapted
to allow the integration of thermally annealed p-VO; in a monolithic way,
without layer-transfer or thermal budget.

A 220 nm-thick VO, thin film is integrated on a 3.2 pm-thick and 2.5 mm-
wide polyimide membrane. This sample serves as a first proof of concept of
the feasibility of the integration of p-VO, onto polyimide using a monolithic
fabrication process. This processes showed that p-VO, does not adhere
properly to polyimide. This is solved by adding a 50 nm-thick layer of
PECVD SiO; between the PI and the p-VOs. It acts as an adhesion promo-
tion layer and allows systematic pass of the pull adhesion test.

The fabricated membrane stack is next used to estimate the Young’s mod-
ulus of the film to solve the high uncertainty reported in the literature
[161, 160, 162]. This is done by performing a bulge test measurement of
the stack [238, 239, 240, 241]. The polyimide membrane, made stiffer by
the blanket layer of p-VO,, features an altered maximal deflection profile
with pressure. A Young’s modulus value of 120 GPa for the as-deposited
thin film is computed by fitting the simulation parameters of a Comsol
model on the experimental data. This is in the reported literature range
[238, 239, 240, 241].

Take home messages

o The integration of thermally annealed sputtered p-VO; on polyimide
is demonstrated using a monolithic fabrication process. The technique
requires the introduction of an SiO, adhesion layer to get the PI to
stick to the p-VOs,.
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e A Young’s modulus of 120 GPa is computed for the as-deposited

p-VO;, by fitting a Comsol model on a bulge measurement of the
membrane stack. This measurement is required to obtain a proper
strain estimation in the next chapter.
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high-strain on the gauge
factor

ow that the feasibility of the process has been demonstrated and

that the effective modulus of the p-VO, has been recovered, the

impact of high-strain on the gauge factor of the material can be
studied.

As already established in the introduction of this work, vanadium dioxide
benefits from an intrinsically high gauge factor. Previous work reports GFs
varying from 175 to 150 for c-VO; nanobeams [117] and from 620 to 370 for
epitaxial layers [121] subjected to 0.3 % of tensile strain. Those values are
attributed to a partial transition of the crystal from an M1 to an intermediate
M2 phase with strain [113, 114, 115, 116, 117, 118, 119, 120]. This partial
reconfiguration is accompanied by an increase of resistance coming from the
intrinsic difference in resistivity of both phases (op2 = 3 * pm1) [116, 117].

When looking into the use of VO; as strain sensor, the emerging trend
is its integration on polymeric flexible substrates for high-strain sensing
[117, 89, 121, 131, 132]. As detailed in the previous chapters, attempts
were made either using low-crystallinity [145, 146, 140] VO, deposited at
low-temperature [139, 140, 141, 142, 131, 143, 144] or using complex layer
transfer [146, 89].
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To the best of our knowledge, no study of the gauge factor of highly strained
sputtered p-VO; has been made.

This chapter studies the potential of p-VO, devices fabricated by sputtering
for high-strain sensing and tries to answer the following scientific question:

How does the gauge factor of patterned p-V O, fabricated via reactive sputtering
and thermal annealing behave under high-strain?

To answer that question, this chapter tackles the following tasks:

e p-VOj; resistors on PI: patterned p-VO; resistors are integrated on a
2.5 pm-thick and 1 mm-wide polyimide membrane using the devel-
oped monolithic fabrication process.

e Bulge test: The membrane is mounted on a bulge test setup. The
membrane is inflated up to 100 kPa and the maximal deflection of the
membrane is measured in situ using a white light interferometer. The
variation of the electrical resistance of a p-VO, resistor is measured at
the same time to get the resistance-pressure relation.

e Strain computation: The Comsol FEM model is adapted to the fab-
ricated sample and fitted on the experimental measurement of the
maximal deflection. The fitting of the model allows to recover the full
strain field induced in the p-VO, device.

e Gauge factor computation: Using both the electrical resistance mea-
surement and the strain field extracted from the FEM model, the
gauge factor is computed and discussed.
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4.1 p-VO; resistors on Pl membrane

Design

(a) (b)

Contact
pad

S
j

«— 25 um

A
v

Fig. 4.1 Design schematics: (a) Layout showing a 3 x 3 mm? die featuring
a1 x 1 mm? square shaped membrane and a set of four electrically contacted
p-VO, 2T devices. The die is shown in light grey, the membrane in light
green and the gold contacts in yellow. (b) Zoom on a p-VO; 2T device. The
25 x 60 pm? patterned p-VO, patch is located underneath the gold contacts
and shown by dashed lines. The channel between the gold contacts is 1.6
pm-long. The xy-coordinate system is represented as referential for the
strain components.

Fig. 4.1(a) represents the layout used in this chapter. A 3 x 3 mm? die
carries a 1 x 1 mm? square shaped membrane. Each membrane carries a
set of four two-terminal (2T) p-VO; resistors. The devices are positioned
alongside the edge of the membrane to maximise the amount of induced
tensile strain [242, 166, 85]. Fig. 4.1(b) shows a zoom on a particular p-VO,
device. Each resistor is made from a patterned 25 x 60 pm? p-VO, layer and
contacted by two gold electrodes extending from the die onto the membrane.
The length of the channel of the device is of 1.6 pym. A local xy-reference
frame is defined as having the x-component perpendicular to the die’s edge.

| 73



4 | p-VOj resistors: Impact of high-strain on the gauge factor

Design motivation

The design used in this last chapter is an updated version of the one used
in the three previous chapters. The used set of masks was available at the
UCLouvain Winfab facility from the previous work of [203, 154].

e Membrane shape: The shape is changed from circular to square to
maximise the amount of tensile strain induced locally in the devices.
Using square membranes compared to round ones is a common strat-
egy which is well discussed in [242, 166, 85]. The use of a square
membrane imposes the use of Bosch which allows for better control
of the distance between the device and the designed membrane edge.

o Electrical connection: The electrical connections are simple overlaps.
In the two first chapters, fingers like contacts were used. Those were
fragile and prone to breaking.

e Membrane dimensions: Preliminary Comsol modeling showed that
going from a 2.5 mm-wide and 3.6 pm-thick membrane to a 1 mm-
wide and 2.5 ym-thick membrane does not result in a substantial drop
in the local strain in the device of interest. This is further discussed
when the strain results are presented. This choice is made because
working with smaller membranes reduces the risk of rupture during
the bulge test or release while increasing the population density of
dies on the wafer compared to the 2.5 mm-wide ones.

Process

The integration of p-VO; resistors on a polyimide (PI) membrane is illus-
trated in Fig. 4.2. The process, based on [179], follows a monolithic approach.
Fabrication starts with a 380 pm-thick bulk silicon wafer with a (100) top
plane. A 104 nm-thick thermal silicon dioxide layer is grown on the wafer
to allow recrystallisation of the sputtered amorphous VO, (a-VO,) layer
[148]. A three-minute BHF wet-etch is performed to remove the backside
5i0; layer (Fig. 4.2(a)).

a-VO; is deposited by reactive sputtering using a deposition chamber from

AJA Sputtering System. A 99.9 % pure vanadium target from Neyco [212] is
used and the sputtering is performed using a 200W argon plasma.
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The deposition parameters selected from this study come from previously
published work from the Winfab facility of the UCLouvain [154, 203, 204].

Proper stoichiometry is achieved by injecting oxygen into the plasma as
described in [219]. A gas mixture of 6.5 sccm of Oy and 43.5 sccm of argon
is used and a pressure of 5 mTorr is maintained as prescribed by [154]. The
as-deposited a-VO, layer is recrystallised by thermal annealing. A ramp of
30 minutes is used to get to a final temperature of 550°C maintained for one
hour. The annealing takes place under a vacuum of 2.01 x 10~! hPa with an
argon flow of 30 sccm to prevent further oxidation of the vanadium oxide.
Once completed, the thickness of the layer is measured by profilometry and
SEM inspection to be 110 nm. The size of the p-VO; crystallites, or grains,
is measured to be between 150 and 200 nm in width, by SEM inspection.
The stoichiometry of the annealed layer is checked by Raman spectroscopy
by comparing the peaks of the obtained Raman spectrum with the ones of
[217, 218]. XRD characterization of p-VO; thin-film deposited using the
same equipments and process parameters was performed previously in the
lab and presented in [154, 203, 204].

Patterning of the p-VO, layer is done by photolithography and RIE using a
chamber from Oxford instrument (Fig. 4.2(b)). A 30W SF (150 sccm) plasma
is used with a table temperature and chamber pressure set at -5°C and 10
mTorrs, respectively. This process yielded a p-VO, etch rate of more than
50 nm/min with a selectivity of 2:1 compared to thermal SiO;.

Metallisation is shown in Fig. 4.2(c). A 20/200 nm-thick stack of Cr/Au is
deposited using a Vacotec thermal evaporator. Gold is used as the main con-
ductor and chromium as adhesion layer. The Cr/Au stack is patterned by
photolithography and subsequent lift-off using dimethylsulfoxide (DMSO).
A backside metallisation is done to define an hard mask for use during the
membrane release. A BHF rinse of the backside is first performed to remove
the native SiO; layer and then a 300 nm-thick layer of Al is deposited using
an evaporator from VST. Patterning is done by wet etching of the layer
using an H3PO, /IPA solution kept at 60°C.
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Fig. 4.2 Process flow schematics: Summary of the fabrication process
to integrate p-VO, resistors on a free standing, 1-mm wide, polyimide
membrane. (a) Initial bulk silicon wafer with 104 nm of thermal SiO, on
top. (b) Sputtering and RIE patterning of a 110 nm-thick p-VO, layer. (c)
Deposition and patterning of 20/200 nm-thick Cr/Au electrical contacts by
thermal evaporation and lift-off. Backside definition of an Al hard-mask by
thermal evaporation and wet etching. (d) Deposition and patterning of a
50 nm-thick SiO; adhesion layer via PECVD and RIE. (e) Spin coating of a
2.5 pm-thick layer of polyimide and contact opening by wet etching of the
precursor. (f) Membrane release via Bosch process.
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The 50 nm-thick SiO; adhesion layer is deposited by PECVD using a cham-
ber from Oxford instrument, as shown in Fig. 4.2(d). The layer is patterned
to define contact pads opening. Patterning is done by RIE in a chamber
from Oxford instrument. A 30W SF¢ (150 sccm) plasma is used with the table
temperature and pressure set to -5°C and 10 mTorrs, respectively.

As in [179], polyimide is used as flexible substrate as shown in Fig. 4.2(e).
Integration is done by spin coating a precursor, P12545, from HDMicrosys-
tems [168]. The wafer is prepared by degazing it overnight at 120°C under
an argon flow. An adhesion promoter, VM652 [169] is applied to prime the
surface prior to the dispense of the PI precursor. P12545 is spin coated at
1800 RPM and patterned via a development transfer method, described in
[168], during a conventional photolithography.

The layer is cured at 350°C for one hour under an argon flow. The final
thickness of the polyimide is measured by ellipsometry to be of 2.5 pm. The
700 nm difference in thickness compared to the one of the previous chapter,
despite the same spin coating speed, comes from the replacement of the PI
precursor bottle used in the study. The one used in the three first chapters
had long passed it’s expiration date. While not affecting the performance of
the cured material, it significantly altered the viscosity of the precursor due
to the evaporation of the solvent. For this chapter, a fresh bottle of P12545
was obtained.

The membrane is finally released by a Bosch process using a plasma reactor
from Oxford instrument. 290 cycles, etching 1.3 pm of silicon per cycle, are
used to etch through the bulk silicon substrate and reach the bottom SiO,
layer. A 1000/30 W of ICP/RF with a 50/140 sccm SF4 /C4Fg mixing ratio
and pulses of 14/12 seconds for etching/depositing recipe is used. The final
stack is shown in Fig. 4.2(f) and process results can be seen in Fig. 4.3.
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@ O

— 125 mm— 114 pm ——»

Fig. 4.3 Process results: (a) Microscopic image of a 1 mm-wide, 2.5 nm-
thick polyimide membrane carrying a set of four p-VO, resistors alongside
its edges. (b) Zoom on a particular p-VO, resistor. The inset shows an SEM
micrograph of the as-produced p-VO, thin film.

Experimental setup

The goal of this experiment is to measure the IV characteristics of the p-VO,
resistors under different levels of strain to extract the resistance variation
and measure the gauge factor (GF) as a function of the strain. To do so, the
compact bulge test setup introduced in the second chapter is used. The
setup is represented in Fig. 1.5(a). The die carrying the membrane is glued
on a 5 mm-thick aluminium plate using M-bond 200 [172]. The aluminium
plate is mounted on a pressure vessel connected to a pressure generator
from Halstrup Walcher. Their kal-100 is used to apply pressures from 0 to 100
kPa to the membrane with an accuracy of 0.05 % [173]. The setup is shown
in Fig. 1.5(b). The measurements of the device are carried out at room
temperature under a white light interferometer from Polytec that allows
to measure the exact deflection profile of the pressurised membrane[174].
Probes are brought under the interferometer’s lens to electrically contact the
devices. The IV measurement is performed by a 4145B semiconductor pa-
rameter analyser from HP [243]. An automation software is used to control
all three pieces of equipment at the same time. After each pressure step, the
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membrane’s profile is measured. The interferometer beam is next turned
off to allow the IV measurement to be carried out in the dark. This is done
to rule out any potential photogeneration effect.

Three pressure cycles are carried out at successively higher maximal pres-
sure. The first cycle is made in the [0-30] kPa range, the second in the [0-60]
kPa range and the third one in the [0-100] kPa range. A cycle is defined by
the measurement of the devices IV curve and membrane deflection profile
for both the pressure up and down sweeps.

As established in the previous chapters, measuring the actual deflection
profile is critical due to the construction differences between our PI mem-
branes and classical oxide based ones used in literature. With conventional
MEMS membranes, a valid hypothesis is to consider the generated strain
field along the edge of the membrane as solely uniaxial toward the center of
the membrane [155, 157]. This is not the case for polymer based membrane
[179]. The measurement of the membrane maximal displacement allows
to fit the Comsol model to recover the pressure-strain relation locally in the
p-VO, devices.

Comsol Setup

The model is adapted to the particular design of the sample used for this
experiment. Actual thickness measurements of the stack and other dimen-
sions of the membrane and devices are utilised as input parameters for the
model. Fig. 4.4(a) shows the full 3D model. The bulk silicon is removed
compared to the model used in the two first chapters and is replaced by a
no displacement constraint at the interface. The size of the membrane was
measured to be of 1.05 mm in width instead of the designed 1 mm due to a
lateral over etch during the Bosch process. A quarter of the membrane and
only one device are simulated to reduce computational cost.

Fig. 4.4(b) represents the stack used in the experiment. Compared to the
first two chapters, the exact stack is implemented into the model. This was
made possible by the acquisition of new CPU cores.
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Fig. 4.4 Comsol model of the 2.7 mm-wide and 3.6 um-thick polyimide
membrane: (a) Overview of the complete model. A quarter of the membrane
is simulated to reduce computation time. (b) Zoom on the c-Si devices and
aluminium lines. (c) Stack simulated in the model. The thermal and PECVD
SiO; are simulated as a single continuous layer and shown in gray. The
aluminium is in black, the c-Si in blue and the polyimide in green.

Young’s moduli are set to 87, 2.7 and 120 GPa for SiO;, PI and p-VO,,
respectively [185, 168, 182]. Fitting parameters for the Swift model were
calibrated on the experimental results presented in the next section and
according to the procedure described in the second chapter of this work.
They were found to be of 280 MPa and 0.2 [-] for the effective yield stress
and hardening exponent of the stack, respectively.

Deflection Results

Fig. 4.5 shows both the experimental and theoretical results for progressive
bulging of a 1 mm-wide, 2.5 pm-thick polyimide membrane for the three
successively higher pressure ranges. This is done to study the effect of in-
creasing maximal strain on the forward and backward resistance variation
path. The top panel of Fig. 4.5 contains an inset showing a subset of levelled
raw deflection profiles measured by the white light interferometer. Three
profiles are displayed and are measured at 10, 20 and 30 kPa. Experimental
data points are displayed as green dots and a least-square error approxima-
tion of a second-order polynomial is shown in dashed green lines. Once
levelled, the maximal displacement is measured for each pressure set point
by taking the maximum of the corresponding deflection profile.
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The maxima are displayed as a function of the pressure as light blue squares
and dark blue dots for the pressure up and down sweeps of each cycle,
respectively. The Comsol results are displayed as light and dark blue lines
for increasing and decreasing pressures.

In Fig. 4.5, the top panel shows the first pressurisation of the membrane
from 0 to 30 and then 30 to 0 kPa. Upon pressurisation, the membrane
starts to bulge and follows a non-linear cubic trend as described by large
deflection models [178, 177]. A maximal deflection of 47 pm is reached at
30 kPa. When the pressure decreases, the membrane starts to deflate but
follows a different path. This is expected, from [179], and indicates that
the membrane entered in a plastic deformation regime during the initial
pressurisation. When the load is progressively removed, the membrane
deflates from a deformed shape and reaches a permanently deformed state
of 6.9 nm of deflection at zero pressure. This relaxation behaviour is ex-
pected from plastically deformed material and applies well in this case [188].
This phenomenon, which fails to be taken into account in models such as
[178, 177] is well captured by the Comsol model. An excellent agreement
in both the followed trend and the absolute values is obtained. The red
cross (x) and plus (+) are used to indicate the corresponding data point be-
tween consecutive cycles. The pressure cycles are made back-to-back on the
same membrane. Hence, the membrane starts its second pressurisation from
the previously deformed state. This is captured as well by the Comsol model.

The second and third pressure cycles are shown in the central and bottom
panels of Fig. 4.5 and span between 0 to 60 and 0 to 100 kPa, respectively.
Maximal deformations of 61 and 76 um are reached at 60 and 100 kPa,
respectively. As for the first cycle, the up and down sweeps of the pressure
cycle do not follow the same path. The permanent deformation is more
significant due to the higher applied pressure.
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Fig. 4.5 Displacement results of a 1 mm-wide, 2.5 um-thick polyimide
membrane under pressure. Three successive pressure cycles are made on
the same membrane and are displayed as Cycle 1, 2 and 3 ranging from
0 to 30, 0 to 60 and 0 to 100 kPa, respectively. Experimental results are
displayed as light blue squares and dark blue dots for pressure up and
down sweeps. Theoretical fitting from the Comsol model is displayed as
plain light and dark blue lines for up and down pressure sweeps. The red
cross (x) and plus (+) symbols are used to show corresponding data points
between cycles. The inset from the top panel shows a subset of raw Polytec
profile measurements at 10, 20 and 30 kPa, for cycle 1. Experimental data
points are shown by green dots. The dashed line represents the least-square
error approximation of a second-order polynomial.
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Strain Results

Fig. 4.6 shows the pressure/strain relationship, inside a p-VO, device, ob-
tained from the calibrated Comsol model. Each panel corresponds to a
pressure cycle from Fig. 4.5. Upon recovery of the full strain tensor, an
asymmetrical biaxial strain is obtained along the x— and y—directions as
defined by the referential in Fig. 4.1b. The plotted biaxial strain is defined
as the norm of the vectorial sum of both components.

The model reveals that the configuration of the electrical lines, placed
straight across the die’s edge and extending on the membrane, is at the
origin of this biaxial strain. This is expected from [179] and illustrated in
the inset of the first panel in Fig. 4.6. The biaxial strain applied to the device
must be used from here-on to process the electrical measurements to take
into account all the main strain components.

The non-uniaxial strain field in the device further showcases the need to
properly assess the strain field in polymeric membranes for high-strain
studies. The advantage of using a calibrated Cormsol model is that it allows
to capture the complete trend of the strain field without approximation as
in [244, 245, 130] for high-strain (>0.01 %) or [155, 127] for small strain.

The strain induced during the up and down sweeps of the pressure cycle
is shown by a light blue line with squares and a dark blue line with dots,
respectively. As for the deflection measurement, a non-linear hysteretic
path is followed by the strain variation. This is unlike what is obtained
for small deformation setups like the ones of [155, 157] but expected for
polymer based membranes [179]. As for Fig. 4.5, red crosses (x) and plus (+)
indicate matching data points between successive pressure cycles.

During the first cycle, a maximal biaxial strain of 0.15 % is obtained at 30
kPa. This value is already superior to the 0.04 % obtained by [127] on its
p-VO, devices. When the pressure decreases, the permanent deformation
of the membrane leads to a small compressive strain of -0.018 % at 0 kPa.
For the next cycles, higher maximal strains of 0.2 % and 0.3 % are obtained
at 60 and 100 kPa of pressure, respectively.
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Fig. 4.6 Strain simulation results: Biaxial strain in a p-VO, resistor placed
alongside the edge of a 1 mm-wide and 2.5 pm-thick polyimide membrane.
Each panel provides the strain for its corresponding pressure cycle. The
strain induced during the up and down sweeps of the pressure cycle is
shown by a light blue line with squares and a dark blue line with dots. The
red crosses (x) and plus (+) indicate matching data points between pressure
cycles. The inset of the first cycle illustrates the origin of the biaxial strain.
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The 0.3% of strain obtained at 100 kPa can be compared to the 0.36% ob-
tained in the second chapter. Both values are close which highlights the
benefits of using smaller, square membranes compared to large circular
ones. This achievement is to be compared to [89] where strain is induced in
a p-VOx, resistor built on PET via a combination of both PAD and layer trans-
fer. In the paper, a biaxial strain of 0.1 % is applied on the device by bending
the entire substrate. The maximal strain is three time inferior to the one
obtained in this work. In addition, the bending-radius/strain relationship is
not shown and only the increase in strain is reported whereas this work re-
ports both the increase and decrease sweeps of the pressure/strain variation.

Slippage assessment

The interpretation of the results is made under the hypothesis that no slip-
page occurs at the PI/SiO; interface. This hypothesis is supported by the
fact that the PI/SiO; interface of this chapter is the same as the one of the
second chapter of this work. In the second chapter, the excellent agreement
between simulated and experimentally measured Raman peak-shift con-
firmed the absence of slippage at the interface. In addition, in [179], no
slippage is observed while a strain of 0.36% is reached. In this chapter, the
maximal strain is of 0.3% which decreases the likelihood of slippage.

Furthermore, a microscopic investigation of the membrane was carried out
after its pressurisation to 100 kPa. Fig. 4.7 shows four pictures of the 1
mm-wide membrane used in the experiment after being pressurised to 100
kPa. The pictures are taken at various locations and with different filters.
No sign of delamination near the edge of the membrane can be seen. While
this is not a direct proof that no slippage occurs in-situ at the device location,
the fact that no delamination is occurring near the edge is a good sign as
the local strain at the center of the membrane’s edge is computed to reach
4% in the PI/SiO, stack according to the Comsol model. This is more than
ten fold higher to the local strain at the device location.
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Fig. 4.7 Picture of the 1 mm-wide and 2.5 pm-thick polyimide membrane
used in the experiment after being pressurised to 100 kPa. The pictures are
taken with various microscope filters and at different locations to highlight
the lack of delamination at the membrane’s edge.
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Resistance and Gauge Factor

The results of the electrical measurements are displayed in Fig. 4.8. Three
panels are used to show the different pressure cycles. The difference with
the previous graphs is that the resistance variation is plotted as a function
of the strain instead of as a function of the pressure. This is done to re-
move any trend from the IV that is not linked to a monotonic variation of
the applied strain. The data is presented as the relative resistance varia-
tion (AR) normalised by the initial resistance Ry. In this case, Rg = 11.7 MQ).

The top panel, cycle 1, contains an inset showing a subset of four raw IV’s
measured in the quasi-linear region between -0.15V and 0.15V at 0, 10, 20
and 30 kPa. This corresponds to 0 %, 0.06 %, 0.11 % and 0.15 % of applied
strain, respectively. The resistance is recovered from the raw IVs by taking
the derivative of a first order least-square error approximation fitted on the
measurement. The value of the resistance is measured at each pressure step
and plotted as a function of the corresponding strain. Resistance values are
represented with light blue squares and dark blue circles for increasing and
decreasing strain, respectively.

For all three panels, a significant increase of the resistance is observed
with increasing strain. This behaviour is expected since tensile strain
in VO, leads to a partial and reversible transition of the crystal from
its M1 to its M2 state when measured at low voltage far from the IMT
[113, 114, 115, 116, 117, 118, 119, 120]. This partial transition leads to an
increase of the electrical resistance with an M2 phase three times more
resistive than the M1 phase [116, 117].

Over the first cycle, the relative change in resistance is of 45 %. This value
can be confronted with [89] where a 40 % increase is obtained at 0.1 %
of strain. When the pressure is decreased, the resistance drops following
a similar but slightly flattened path. Notice that the measurement spans
below zero percent of strain which is due to the residual compressive strain
visible on the top panel in Fig. 4.6.
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Fig. 4.8 Electrical measurements: IV measurements of p-VO, resistors
under increasing tensile strain. Each panel corresponds to a pressure cycle
but the results are plotted as a function of the obtained strain. Experimental
results are plotted using light blue squares and dark blue dots for increasing
and decreasing strain sweep, respectively. Data is plotted as relative varia-
tion of the resistance compared to Ry. A least-square error approximation
of an exponential is fitted on the data points by light and dark blue lines.
The inset from the top panel shows a subset of four raw IV measurements
at 0, 10, 20 and 30 kPa plotted between -0.15 and 0.15V
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For the second cycle, a steep increase of the resistance of 145 % is observed
at 0.2 % of tensile strain. An important hysteresis that doesn’t return to the
initial resistance value appears when the strain decreases. The hysteretic
variation of the resistance of strained VO, is mentioned for epitaxial lay-
ers [121] and nanobeams [117]. However, in those papers, the resistance
variation is shown to be fully reversible which is not the case here. [89]
explains that the steep variation of the electrical resistance of p-VO; comes
from a process of grains connections and disconnections with increasing
and decreasing strain. This phenomenon, further validated by [246, 247] for
other polycrystals, can be used to explain the origin of the hysteresis due
to the similarities in the microstructure of the p-VO, from this work and
the one of [89]. Upon increase of the strain, a grain disconnection process
occurs. This disconnection process, when done in a moderate strain range,
can be considered reversible. This can be seen in cycle 1 of Fig. 4.8. However,
upon further straining, permanent defects or grain repositioning appear in
the polycrystal leading to a permanent modification of the device resistance.
This is further illustrated in the second and third cycle of the experiment
with a clear hysteresis. Random repositioning of the grains inside the device
leads to a modified final resistance during the pressure decrease.

Reading [246, 247, 89, 248], it quickly appears that the contribution of the
grain dislocation, or cracks, is far from anecdotal in the overall gauge factor
of the material. This is made obvious when looking at the experimental
values in Fig. 4.9. Those results are obtained by fitting of a least square
error approximation of an exponential on the data of Fig. 4.8 and taking its
derivative relative to the strain. The fitting is shown by light and dark plain
blue lines in Fig. 4.8 and the results are plotted by plain blue lines in Fig. 4.9.
Values from literature are reported in plain [127] and dotted [89] red lines
for p-VO;, and in dashed [121] and interrupted dashed [117] pink lines for a
c-VO, epitaxial layers and nanobeams, respectively.

Since the electrical resistance variation follows an exponential, the gauge
factor, its derivative, also follows a continuous exponential increase. This
is unlike what is reported for c-VO, nanobeams [117] and epitaxial layers
[121] subjected to tensile strain, as shown in Fig. 4.9. In those papers, the
gauge factor is shown to decrease from 175 to 150 for [117] and from 620
to 370 for [121] when strained to 0.1 %. Further increase of strain yields no
change in the gauge factor.
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Fig. 4.9 Gauge factor of p-VO, and c-VO; devices under strain. The gauge
factors from the three pressure cycles of this work are represented with
plain blue lines. Values from literature are shown in red and pink. The
gauge factors of strained p-VO,; are shown in plain and plain with dots red
lines for Inomata & al. [127] and Liao & al. [89], respectively. Gauge factors
for c-VO; nanobeams are displayed as dashed pink and interrupted dashed
pink lines for Li & al.[121] and Hu & al. [117], respectively.

Furthermore, looking into ¢-VO,, a complete transition from M1 to M2
at room temperature cannot happen below 1.75% of tensile strain [249].
The full M1 to M2 transition comes with a three-fold increase of resistivity
[116, 117] which would be compatible with the results from Fig. 4.8 should
the strain reach 1.75%. However, the experiment is limited to 0.3% of strain
which only allows a partial reconfiguration of the monocrystalline grains in
the p-VO, thin film from the M1 to the triclinic state. According to [249],
between 0 and 1% of strain, a continuous M1 to triclinic transition occurs
in the VO, crystal. The triclinic state is an intermediate phase of the VO,
crystal between the M1 and M2 state in which fractions of the two phases
coexist. This partial reconfiguration below 1% leads to a fraction of the
resistive change compared to the full M1 to M2 transition.
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The combination of the gauge factor decrease and saturation with tensile
strain and the impossibility to get a complete M1 to M2 transition implies
that the exponential increase of the GF in p-VO; cannot be attributed to
the intrinsic phase change in the material alone but might come from grain
dislocation as in [89].

Indeed, [89] reports a similar exponential variation of the gauge factor but
for p-VO, grown by low-temperature PAD and strained to only 0.1 %. Our
work validates this phenomenon and underlines the necessity to report
the full GF-strain curve for p-VO; instead of a single value at the nominal
deformation. For reference, [127] reports a gauge factor of 256 at 0.04 % of
strain and considers it constant across the complete strain range. This is
also the case for [149] where a gauge factor of 534 is reported at -0.07 % of
strain.

The significance of the contribution of grain dislocation in the overall gauge
factor is further illustrated in Fig. 4.9. During the second cycle the gauge fac-
tor reaches a value of 4180. Considering the grain dislocation phenomenon,
it might continue to increase exponentially up to the full disconnection of
the grains. After the second cycle, the damage made to the polycrystal
structure leads to an overall smaller gauge factor of the p-VO, device even
at 0.3 % of strain where a maximal value of 2382 is obtained. This illustrates
clear limits in the maximal measurable strain with p-VO,.

Conclusion

This chapter reports the integration of p-VO; resistors on a 2.5 pm-thick
and 1 mm-wide polyimide membrane for high-strain studies. The proposed
process uses the developed monolithic fabrication scheme to integrate high-
quality [145, 147] sputtered p-VO; on polyimide without limitation despite
the use of thermal annealing. The proposed solution gets rid of the need
for complex layer transfer [146, 89], making for simpler integration of the
material on flexible substrate.
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A biaxial tensile strain of 0.3 % is induced in the p-VO; device. This can
be compared with [89] where strain is induced in a p-VO, resistor built on
PET via a combination of both PAD and layer transfer. They report 0.1 % of
applied strain. Another comparison could be with [127] where a strain of
only 0.04 % is reached.

Careful study of the electrical resistance variation is performed under pro-
gressively higher levels of strain. An exponential increase of both the
resistance and gauge factor is reported for the first time in sputtered p-VO,.
This is in accordance with the literature for p-VO, grown by PAD [89]. This
exponential behaviour is attributed to a dislocation phenomenon between
the grains of the polycrystal [246, 247, 89, 248]. However, a direct proof of
the grain dislocation hypothesis is required in order to completely validate
it. To do so, a redesign of the experiment should be carried out to allow
the measurement of strained p-VO, under an AFM, SEM or TEM. This is
left as a prospect as it would require both the abandon of the polyimide
layer to allow for imaging and the design of a smaller actuation mechanism
compatible with the proposed equipments.

This finding of the exponential variation of the gauge factor with strain
highlights the need for proper and complete reporting of its variation in
strained p-VO;. Reporting only one value at the nominal strain does not
capture the entire behaviour and, by nature of the exponential, may lead to
substantial over or under estimation of the gauge factor which won't allow
fair comparisons between results.

Finally, the chapter shows that strain larger than 0.1 % creates permanent
defects in the p-VO, device. This, in conjugation with the non-constant and
exponential nature of the gauge factor, makes the material a poor candidate
for wide range strain sensing.

Take home messages

e The chapter demonstrates the fabrication of thermally annealed sput-
tered p-VO; resistors on a 2.5 pm-thin and 1 mm-wide polyimide
membrane using a monolithic fabrication scheme.
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e A (.3 % biaxial strain is induced in the fabricated device upon bulging
of the membrane. This represents a three-fold increase compared to
literature.

o The gauge factor of p-VO, is shown to follow a continuous exponential
increase with strain. This is attributed to a superposition of the M1
to M2 phase reconfiguration with strain and with a grain dislocation
process.






Conclusions and perspectives

n the recent years, the apparition of new sectors and technical opportu-

nities led to the development of novel strain sensors [3, 4, 5, 6]. In term

of sectors, domains like smart packaging [10, 6], smart sensors [7, 8, 9]
or health care [11, 12, 13, 14, 15, 16] required the creation of flexible and
compliant multifunctional sensors capable to respond to multiple stimuli
such as temperature and strain [17, 18, 19, 20, 21, 22]. This development
was boosted by progress in terms of signal processing and Al that enable
to decorrelate the physical effects in the electrical outputs of the sensors
[17, 18, 19, 20, 21, 22].

Researchers worked on multifunctional sensors most often based on piezore-
sistive materials due to their simple read-out and construction [1, 40, 47, 48].
They have especially been looking for a single inorganic material that can be
fabricated onto flexible MEMS with standard microfabrication techniques
while featuring a high gauge factor and sensitivity to temperature for multi-
functional implantable sensors [89].

Vanadium dioxide is considered as a promising candidate thanks to its
intrinsic sensitivity to external energy input [90]. [127, 250] used high-
performance annealed sputtered p-VO; to build strain and pressure sensor
with a gauge factor of 259 reported at 0.04 % of strain. Attempts to inte-
grate VO, on flexible sensors to expend the strain range have been made
but relied on the use of low-crystallinity [145, 146, 140], low-temperature
VO, [139, 140, 141, 142, 131, 143, 144] or complex layer transfer processes
[146, 89]. Monolithic integration of high-quality [145, 147] sputtered p-VO,
layers onto flexible substrates is of interest but remained out of reach due
to the limited thermal budget of polymers [150, 150, 151] and the high-
temperature annealing required to reach the desired level of crystallinity
[152, 153, 154].
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This work propose to study the piezoresistive properties of highly-strained,
thermally annealed p-VO, fabricated by sputtering. More specifically, the
thesis proposes to characterise the evolution of the gauge factor of sputtered
p-VO; under high-strain as a first step toward its use in multifunctional
sensor. In a nutshell, it tries to answer the following scientific question:

Can thermally annealed sputtered p-VO,, integrated on a flexible substrate, be
used for high-strain multifunctional sensing applications?

This question is split into four smaller inquiries that lead to specific scientific
contributions that we re-state here below.

Chapter 1

The first chapter explores the monolithic fabrication, without thermal bud-
get, of inorganic microelectronics on a polyimide membrane. A demonstra-
tion of the process is made on silicon devices to evaluate its feasibility with
a well known cleanroom material. The question in this chapter is:

How to integrate c-Si devices, in a monolithic way and without process limitation,
on a thin polyimide membrane?

The process demonstrates the integration of ¢-Si devices on a 2.7 mm-wide
and 3.6 pm-tick polyimide membrane using conventional monolithic pro-
cessing.

Up-to-now, high-performance microelectronics requiring the use of thermal
annealing relied on complex layer transfer techniques. For instance, [136]
used this approach to build a flexible eye-shaped camera based on c-Si
pixels. Similarly, layer transfer was used to produce silicon and germa-
nium based sensor on PDMS and polyimide [137, 180, 130]. New materials
benefits from the approach as-well with demonstration of graphene and
even VO, based flexible sensors [251, 89]. While undeniably effective, it is
notoriously complex and hard to scale [146].

The approach of this chapter solves those limitations. The thermal budget
issue is addressed by adding the polyimide layer at the end. This is done
via the spin-coating of a precursor.
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By doing so, the fabrication of the devices of interest is carried out normally,
without thermal budget or limitation in the choice of the fabrication tech-
niques, temperatures or materials. Furthermore, the integration on the final
flexible substrate is simplified since it only requires a spin coater and an
oven for the low-temperature curing of polyimide.

The chapter also introduces a bulge-test setup to measure the in situ prop-
erties of the membrane and devices. The setup is made from a pressure
vessel that can go up to 100 kPa while being usable with probes, white
light interferometry and Raman spectroscopy. This makes the entire setup,
with the fabrication, a great candidate for multiphysics characterization of
devices under strain.

A preliminary set of experimental measurements and Comsol simulations
of the membrane maximal deflection is presented. It highlights the fact
that the membrane does not deflect following an expected cube-root trend
[181,177,178] but diverges from it past 50 kPa due to plastic deformation
of the stack [179]. It means that the membrane cannot be modelled by
conventional MEMS [155, 157] or flexible MEMS models [181, 177, 178].
This is a major limitation since those models are the ones used to get a
pressure-strain relation.

Chapter 2

The second chapter extends the introduced Comsol model to consider the
plastic deformation of the stack and to recover the strain field in the c-Si
devices. This is done to obtain a pressure-strain relation in both the elastic
and plastic deformation regime. The scientific question of the chapter is:

Can a Comsol simulation model the plastic deformation of a polyimide membrane
to compute the local strain field induced in the carried c-Si devices and how much
strain can be induced in the c-Si resistors?

The Swift plastic model [184] is implemented in Comsol to simulate the be-
havior of the membrane. The relative stress, strain and hardening exponent
are fitted on an experimental measurement of the membrane deflection
under pressure to calibrate the model.
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During the increasing pressure sweep, the membrane deflection follows a
cube root trend before entering in plasticity at 50 kPa. Past this pressure
point, the stack enters in a plastic deformation regime [179]. This is illus-
trated by the decrease pressure sweep which leaves the membrane at a
permanently deformed state at rest. An excellent agreement of the measure-
ment and the simulation is reached.

The full strain tensor is computed by the calibrated Comsol model. It is biax-
ial and asymmetrical with strain components along the x- and y-direction.
This is unlike what is obtained for small deflection setups where devices
located on the edge of the membrane are expected to undergo uniaxial strain-
ing [127, 155]. A maximal strain of 0.37 % is computed in the c-Si device.
This is a 10-fold increase compared to conventional bulk micro-machined
or stress compensated membranes [127, 128]. It however is 10-times lower
than what is reported by [130] but this is linked to their use of ultra-thin
10 nm-thick silicon devices compared to our 300 nm-thick pixels. Since
the strain is directly linked to the device thickness, reducing it leads to an
increase in strain.

Finally, the simulated strain field is validated by computing the shift of the
silicon Raman peak and comparing it to an experimental measurement. This
was, to the best of our knowledge, never done in literature. The Raman peak-
shift is usually used to get an estimate of an uniaxial or perfectly biaxial
strain in ¢-Si [130, 195]. This requires to make hypothesis or simplification
of the expected strain field which is not possible in this case [130, 195, 196].
An excellent agreement of the simulation and experimental peak-shift is
achieved. This means that the strain field inside a device fabricated on a
polyimide based membrane can be recovered by a fitted Comsol model [179].

Chapter 3

This chapter dives into the integration of thermally annealed sputtered
p-VO; on a thin polyimide membrane. The goal of this chapter is to check
the adhesion of p-VO, to poyimide and recover the Young’s modulus of the
deposited layer. The question under study is:

How to integrate thermally annealed p-V O, on a thin, released, polyimide
membrane to recover its Young's modulus?
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The fabrication process for a monolithic integration of sputtered p-VO,
is presented with all the synthesis and characterization steps required to
obtain stoichiometric VO,. A 220 nm-thick layer of p-VO; is fabricated onto
a 2.5 mm-wide and 3.2 pm-thick polyimide membrane without thermal
budget. To the best of our knowledge this is the first time that this is done
as previous attempt relied on low-temperature deposition of poor quality
VO, [145, 146, 140] or layer transfer [145, 147]. The integration highlights
the need for an adhesion promotion layer between the p-VO, and the poly-
imide. A PECVD SiO; layer is used.

The fabricated membrane stack is used to recover the Young’s modulus of
the material. This physical parameter is critical to obtain a proper estima-
tion of the strain in p-VO, devices from the Comsol model. Computing the
specific modulus is required since a wide range of values are provided in
literature between 86 [160] and 170 GPa [161].

To recover the modulus, a bulge test inspired from [238, 239, 240, 241] is
used. A membrane with a blanket layer of p-VO; is measured and a Comsol
model is fitted on its maximal deflection relative to pressure. Fitting the
parameters gives a measurement of 120 GPa for the Young’s modulus of the
deposited layer. This is in the reported literature range [238, 239, 240, 241].

Chapter 4

This final chapter integrates thermally annealed, sputtered and patterned p-
VO; resistors and studies their gauge factor under high-strain. The scientific
question covered by this chapter is:

How does the gauge factor of patterned p-V O, fabricated via reactive sputtering
and thermal annealing behave under high-strain?

A monolithic process is used to integrate p-VO; resistors on a 1 mm-wide
and 2.5 pm-thick polyimide membrane. The membrane is subjected to
increasing pressure sweeps from 0 to 100 kPa and the variation of the
electrical resistance of the p-VO; is measured along with the deflection of
the membrane. The Comsol model is adapted to the membrane stack and
geometry and the strain field inside of the p-VO, resistor is computed.
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An asymmetrical biaxial strain field is obtained and reaches 0.3 % of de-
formation in the resistors. This is to be compared with [89] where strain is
induced in a p-VO; resistor built on PET via a combination of both PAD
and layer transfer. In the paper, the maximal amount of strain only reaches
0.1 %. Another comparison could be with [127] where a strain of only 0.04
% is reached. The 0.3 % of strain in sputtered p-VO, reported in this work
is, to the best of our knowledge, the highest reported in literature.

Under strain, the gauge factor of p-VO; follows an exponential increase up
to 4180 at 0.3 % of deformation. This is unlike what is reported for c-VO,
nanobeams [117] and epitaxial layers [121] where the gauge factor is shown
to decrease from 175 to 150 [117] and 620 to 370 [121] between 0 and 0.1 %
of strain. This highlights the need to report the complete GF-strain relation.
Indeed, looking at 0.1 % of deformation sputtered p-VO, and epitaxial
¢-VO; intersect but this does not allow the comparison as their slopes are
opposed.

The continuous and exponential increase of the gauge factor is attributed
to both the intrinsic sensitivity of the VO, crystal with strain [113, 114, 115,
116, 117, 118, 119, 120] and the contribution of grain dislocation [246, 247,
89, 248]. This is in line with [89] which is the only other paper to report
the exponential behavior of the p-VO, gauge factor with strain. It reports a
gauge factor of 400 at a strain of 0.1 % in p-VO, fabricated with PAD. Our
study is the first one to report this phenomenon for sputtered p-VO; and is
the only one to reach 0.3 % of strain.

Finally, this chapter shows that strain above 0.1 % induces permanent
defects in the polycrystal. The resistance change with strain follows an
hysteresis and does not return to its initial state at rest. This is in line
with the dislocation hypothesis of [246, 247, 89, 248]. This finding sets clear
boundaries for the admissible strain range of sputtered p-VO, strain sensors.
A proper SEM or AFM experiment would be of interest to image the grain
dislocation with strain and formally prove this hypothesis.
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Perspectives

The work presented in this thesis studied the monolithic integration with
no thermal budget of electronics on polyimide and the behavior of p-VO,
under strain. Along the way, potential development emerged. They are
listed here below.

Multiphysics strain-temperature study of p-VO,

This thesis characterises p-VO, under strain. This is only the first step for
the development of multifunctional strain-temperature p-VO, sensors such
as the one presented in [89]. A possibility is to put the bulge-test setup
designed in this work inside of a climatic chamber. This will allow the
electrical measurement of heated and strained p-VO, resistors.

A first preliminary study has been carried out using a Comsol model. A mul-
tiphysics thermal and mechanical simulation was performed to check the
impact of temperatures between 20°C and 90°C on the membrane deflection
and strain. Temperatures above 90°C were not tested since VO; is expected
to be fully metallic at this temperature.

Figure Fig. x.10(b) shows the impact of temperature on the maximal de-
flection of the membrane. The deflection increases with temperature and
reaches a maximal deflection at 40 kPa of 21.2 pm and 22.7 pym at 20°C
and 90°C, respectively. This translates into a shift of maximal strain at 40
kPa from 0.46 % to 0.53 % along the membrane edge at 20°C and 90°C,
respectively. This is shown in Fig. x.10(a). No modification of the pressure-
deflection and pressure-strain profiles is observed.

Those results were obtained with a simplified stack without devices. The
strain is measured in the polyimide which explains why it is so high com-
pared to what is presented in chapter two and four. The model should be
expanded to study the plastic deformation of the heated membrane.

While challenging, further development of this model and of the experi-
mental setup would allow the use of the polyimide membrane as a great
tool for true multiphysics measurements of any materials. This includes
electrical, thermal, optical and mechanical characterization.
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Fig. .10 Impact of the temperature on a Imm-wide and 2.5 pm-thick
polyimide membrane with no devices. (a) Evolution of the maximal deflec-
tion as a function of the pressure and the temperature. Light to dark blue
lines with dots are used to represent temperatures from 20°C to 90°C. (b)
Strain toward the center of the membrane inside the polyimide as a function
of the pressure and the temperature. Light to dark blue lines with dots are
used to represent temperatures from 20°C to 90°C.

Fully released polyimide thin films

A variation of the process presented in this work is shown in Fig. x.11. It
allows to fabricate fully released polyimide films with integrated microelec-
tronics. During the process back end, the XeF, or Bosch membrane release

is replaced by an unmasked etching of the bulk silicon. This leaves a fully
released thin film.

Fig. .12 shows the fabrication results of a fully flexible die carrying two-
terminal p-VO, resistors. Fig. x.12(a) shows the die glued to a piece of office
tape while Fig. x.12(b) and Fig. x.12(c) show a microscopic picture and SEM
micrograph of the fabricated sample. The micrograph shows a 110 nm-thick
layer of p-VO, with grains of 200 to 500 nm in width.
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The material was checked to be stoichiometric by Raman spectroscopy as
visible in Fig. x.13(a).

A preliminary result shows that the fabricated p-VO, resistors maintained
their MIT property. This is also the case for the devices of chapter 4.
Fig. x.13(b) shows a measurement of the electrically triggered MIT. Only
the transition from insulating to metallic is shown.

This perspective is of interest for two reasons:

e Uniaxial high-strain experiment: The membrane developed in this
thesis induces an asymmetrical biaxial strain field in the device under
test. The fabrication of fully released devices allows to study p-VO,,
¢-Si or other materials under high uniaxial strain. This is of interest
for monocrystalline materials for which the response to strain can
depend on the relative crystallographic orientation.

e Implantable and wearable devices: While being a good platform to
characterise the impact of strain on a material or device, the membrane
format cannot be conformally implanted on a curved surface. The
release process allows to fabricate fully flexible dies carrying any
materials or devices. The big downside of this approach is that the
fabrication scheme does not allow for large scale manufacturing since
it requires the dissolution of the complete bulk silicon. Processes
oriented research is required to find a sacrificial layer compatible with
the material of interest. This could lead to the fabrication of advanced
MEMS flexible sensors with high-performance organic or inorganic
materials.

Engineering of smart metal line

In the current membrane design, the electrical lines extend from the die to
the membrane via the edge center. This choice is suboptimal since, on a
square membrane, the maximal amount of strain is induced at the center of
an edge while almost no strain is generated in the corners of the diaphragm
[242]. This causes two issues.

The first one is that the metal lines act as anchor points and generate a torque
on the device under test. This is, in part, at the origin of the important strain
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component along the y-axis. The second issue is that their positioning leads
to the tearing of the lines on the die’s edge at around 0.4 % of strain in the
device under test. A possible improvement to study would be to have the
metallic lines extend from the die onto the membrane from the corners,
where the strain is null [242].

Proving the grain dislocation hypothesis

This work poses the hypothesis that the movement of the individual grains
in the p-VO; thin film is at the origin of the exponential increase of the
gauge factor. This hypothesis was originally presented in [89] which reports
a similar phenomenon for p-VO, deposited via PAD. However, a common
limitation of this work and [89] is that no direct proof is brought to support
this hypothesis. Direct imaging would allow to prove - or disprove - the
grain dislocation theory.

Various approaches were considered such as AFM, SEM or TEM but the
polyimide layer, acting as a blanket and dielectric, renders their use im-
possible. A redesign of the experiment could allow such experiment to be
performed but would require the following changes.

e Removal of the PI layer: As mentioned, the thick polyimide layer
renders the use of the proposed techniques impossible. This is because
it either acts as a blanket which hides the topology of the p-VO, or as
a dielectric. A new design, based on the transfer of the p-VO, layer on
a conductive substrate or the addition of a conductive layer between
the p-VO, and the PI could allow the use of AFM or SEM, respectively.

e Redesign of the actuation mechanism: The bulge test setup is in-
compatible with the use of an SEM or an AFM. An on-chip actuation,
a transfer on a push-to-pull structure or the use of tensile testing
equipment compatible with an SEM should be investigated.

Considering both elements, a promising path would be to fabricate a fully
released PI die barring a p-VO; blanket layer using the presented full release
method. The fully released die should be integrated onto a dog bone sam-
ple carrier by gluing the die upside down to try to image the p-VO, layer
through the thermal silicon dioxide layer which will have to be kept as thin
as possible. This work established that 50 nm-thick thermal silicon dioxide
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allows for proper growth of p-VO,. Thinner layer could be considered.

The completed sample would, at this stage, be compatible with commercial
tensile testing unit designed to work in an SEM.

Another possible approach would be to completely drop the polyimide
integration an use an on-chip MEMS tensile test such as the one presented
in [124, 252, 253].

Closing thoughts

In the end, the thesis deviated from the production of a multifunctional
vanadium dioxide based sensor to the development of a polyimide based
platform to study material properties under strain. The main outcome of
this work is that the designed platform allowed to measure the gauge factor
of highly strained p-VO,.

Taking a step back, we can try to briefly answer the main question of this
thesis which was:

Can thermally annealed sputtered p-VO,, integrated on a flexible substrate, be
used for high-strain multifunctional sensing applications?

At this stage, the main conclusion is that sputtered vanadium dioxide will
not be usable for high-strain sensing but might find its place in applications
that require highly sensitive strain and thermal sensing. As mentioned in the
introduction, the domain that feels the most suited is in implantable devices
for cardiovascular diseases prevention. However, with strain mitigation
strategies, p-VO, devices might someday be used for very high and sensi-
tive strain sensors in spiking based sensing circuits. Such platform would
benefit from both the intrinsically high sensitivity of the VO, crystal and
from its complete transition, making for potential wide range strain sensing.

Concerning the developed models and processing techniques, we strongly
believe that they offer a scientific tool of interest for strain studies. Indeed,
up-to-now, studies in the field of flexible electronics required the use of spe-
cialised transfer equipments which many laboratories do not have. Despite
the downsides of the proposed process, be it that the membranes enter in
plasticity and that the released film cannot be mass produced due to the
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need of substrate etching, they offer a great set of tools for low volume
scientific samples production for strain and multiphysics studies.

(a) (d)
- %

(e)

[_Polyimide [ ]Si02PECVD WAl V0.
[ 1SiO2 Thermal [ Silicon

Fig. .11 Process flow schematics: Summary of the fabrication process to
integrate p-VO, resistors on fully release, 2.5 pm-thick, polyimide. (a) Initial
bulk silicon wafer with 104 nm of thermal SiO, on top. (b) Sputtering and
RIE patterning of a 110 nm-thick p-VO; layer. (c) Deposition and patterning
of 20/200 nm-thick Cr/Au electrical contacts by thermal evaporation and
lift-off. (d) Deposition and patterning of a 50 nm-thick SiO, adhesion layer
via PECVD and RIE. (e) Spin coating of a 2.5 pm-thick layer of polyimide
and contact opening by wet etching of the precursor. (f) Membrane release
via bosh process.

106 |



Conclusions and perspectives |

I mm

2 um

Fig. .12 Patterned vanadium dioxide resistors on fully released 2.5 pm-
thick polyimide thin-film: (a) Macroscopic image of a 1 x 1 cm? fully re-
leased, 2.5 pm-thick, PI thin film with two-terminal p-VOj, resistors reported
on office tape. (b) Microscopic image of a two-terminal p-VO; resistor. (c)
SEM micrograph of the p-VOs.
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Fig. .13 Characterization of p-VO, two-terminal resistor fabricated on a
2.5 nm-thick fully released polyimide thin film: (a) Raman spectrum of the
deposited p-VOs,. (b) Electrical measurement of the transition of the p-VO,
resistor. A compliance of 1 mA is imposed and represented by a red dashed
line. A voltage sweep from zero to 20 V is applied. Successive transition are
shown by plain line going from dark to light blue.
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