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0 Introduction

This master thesis will tackle the topic of flexible electronics. Flexible electronics is an active modern research field
that slowly finds its way in more and more applications in the world of power generation, biomedical equipment, sensing
and enhancing of device performances. As we will see, many paradigms coexist under this umbrella term that is flexible
electronics. Indeed, this terminology ranges from stretchable electronics while trying to avoid transferring constraints to
the active material all the way to the field of strain engineering (the real topic of this thesis).

This work starts by a, rather long, state of the art. This part of the document starts by giving some background
information on the history of the technology. It then proceeds to explain the different trends that exists in the flexible
electronics world including strain engineering. Strain engineering could be defined as:

Modification of the electrical/optical properties of a semiconductor by application of a known level of strain either self
induced or by external loading of the structure

Once this concept introduced, a theoretical analysis of the electronic properties of silicon as a semiconductor is conducted.
This analysis leads to the description of the impact of strain on such properties. Once that understood, research articles
and experimental results in that field are presented as a foundation for the rest of this work.

The state of the art now completed, the original part of this thesis can start. The goal was for us to design and
build photodevices like PIN or NIN junctions on a flexible substrate in order to try to replicate the results of the article
"Breaking the absorption limit of silicon toward SWIR wavelength range” by Ajit K. Katiyar and his team [1]. This article
served as a foundation for the design of our own devices. What is presented in the second part of this work is the complete
design of our membranes and photodetector. This includes, but is not limited to, the design of photolithographic masks,
doping profile curves and implantation parameters, design of photodevices and mechanical simulations of the membrane
deflection, stress and strain.

Once the design completed, the thesis moves to the cleanroom world for the practical part of the work. Indeed, the
design was not left at the state of the drawing board but was really built at the Winfab facility of UCLouvain. In this
section, the fundamentals of each technique is introduced and the designed process is presented as well as put in practice.

But without further ado let’s jump into the thesis by beginning with the state of the art.
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Part 1
State of the art

Originally, electronic circuitry evolved as a set of components interconnected by loose metal wires. Those wires,
also called jumpers or leads, where hand soldered effectively creating a point-to-point connection between two or more
components. The components such as resistors, inductors, capacitors and so on were placed on a rigid frame, held
by an insulating material hand soldered by a technician. This method meant that each circuit had to be handcrafted
and that assembly time (hence amount of expensive human labor) lead to expensive final devices. In addition to that,
increase in design complexity also lead to more and more complicated wiring schemes driving up the cost even further.
Miniaturisation was also a challenge in that matter. [2]

Effort to start organising wiring as well as electrical components in smaller arrangements started in the early 20’th century.
Famous names such as Sir Thomas Edison started experimenting with chemical deposition of conducting material on
pieces of linen paper as early as 1904. Further in that century, between 1910 and 1930, multiple patents were filled across
the world for various methods to deposit and etch metal insulating surfaces, hence paving the way to what we call today
traces on printed circuit boards (PCB). Finally, in 1936, an engineer called Paul Eisler invented the modern design of
the PCB as we know it today: A sandwich type design composed of an insulating rigid substrate covered with metallic
copper traces and covered by a insulating resin. However, the concept only really started to gain popularity in the after
war world of the 1950’s. [2]

Since its invention the PCB became more and more popular, but the general concept did not change up to this day.
Electrical components can be assembled on the circuit board either as through holes or as surface mounted components.
Metallic traces then connect them together to form the final circuit. What has evolved however, is the amount of
integration and the assembling/manufacturing cost.

Indeed, since the wiring had become traces on a hard piece of insulator, development of photolithography and etching
techniques meant that smaller and smaller metallic traces could be drawn hence increasing the electrical component
density on the board. The density of wiring being further increased by the development of, first, double sided PCBs and
then, multiple layered PCBs.

Furthermore, parallel development in robotic allowed the introduction of automated PCB assembly using pick and place
robots making the assembly cheaper and faster.

However, as said earlier in this section, the fundamental idea has not changed. Today’s PCBs are most often made
out of a material called FR-4 by the NEMA'. This material is a fire retardant composite built from a mix of fiberglass
and epoxy making it both mechanically strong as well as electrically suitable for the task since it features a low water
absorption level (<0.10%), good temperature resistance (up to 140°C) and high dielectric breakdown (>50 kV). ([3])

Since their invention this format has dominated electronic devices in the entire industry: rigid boards carrying compo-

nents. And rigid it is since another property of FR-4 is it’s mechanical stiffness with a high Young’s modulus of 21 to 24
GPa.

"Young’s modulus (E or Y) is the expression of a solid’s stiffness or it’s resistance to elastic deformation under load.
It relates stress to strain along an axis" (citation: [4]). It can be computed as:
F/A
p=2_ (F/A) (0.1)
e (AL/Ly)
With o the mechanical stress in [Pa], e the relative strain (relative deformation over the initial length), F the applied
force, A the cross section and AL and Lg the elongation and initial length in [m]. Young’s modulus can hence be
expressed in any unit of pressure and is more commonly given in [MPa] or [GPa].
Hence, as one can read from the formula, the higher the Young’s modulus the stiffer and less elastic a material is. Another
way to express it would be that the higher the Young’s modulus, the higher the internal stresses in the material under
an applied strain. For example, diamond has a modulus of 1050 to 1210 [GPA] whereas rubber has a modulus of 0.01 to
0.1 [GPa]. This explains why rubber doesn’t shatter when stretched and why diamond cannot act as a bouncy ball. [4]

Note that this Young’s modulus can also be computed as
E=2G(1+n)=3K(1—-2n) (0.2)
Where 7 is the Poisson ratio (the ratio between the expansion of the cross section and the length variation of a material

. detrans
under compression: 1n = —

), K is the bulk modulus or the resistance to compression of a volume and G is the

€azial
shear modulus or the stiffness of a material relative to shear.

I National Electrical ManufacturerAssosiation: US trade association
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To come back to the initial topic, but now with the understanding of what the Young’s Modulus is, one can see what
the point of this introduction is: standard PCBs, with their Young’s modulus of 21 to 24 GPa are stiff and inelastic.
Meaning that they are unable to bend or conform to curvature without breaking. This leads to a difficult integration of
PCBs in biomedical applications such as implants or to their integration into moving or evolving structures. However,
even if the idea is not new and can be traced back as early as 1947 in a publication by the US state department of
commerce [5], development over the last 40 years has lead to more and more developments of flexible circuitry. [6]

In this first part of the thesis we are going to take a look at the different technologies grouped under the umbrella term
of Flexible electronic. Indeed, we will see that different fields and very different applications can benefit from this new
paradigm from flexible PCBs to flexible Ultra Thin Chips or UTC without forgetting the main topic of interest for this
master thesis: strain engineering.

After this first part, the text will move to the analysis of the different applications of flexible device in optoelectronics.
In this section a description of different designs of photodetectors will be given before looking at two examples of
photodetectors built on top of a flexible substrate. Those two examples will be the occasion to showcase the two big
categories of flexible devices: the one maximising the constraints in a material for strain engineering purposes and the
one minimising them. The microfabrication process used in both cases will also be analysed.

1 Flexible electronic: a general overview

As said in the introduction to this section, flexible electronics is not
a new concept at all. Indeed, flexible PCBs have been around since
at least the 1950’s. Flexibility being obtained by replacing the hard
fiberglass of the circuit board by a polymer such as polyimide and em-
bedding thin metallic traces into it. The "board" can be manufactured
to feature the same capabilities as a conventional PCB plus a number
of advantages:

x Copper traces

* Multiple layer and interconnect design
* Thickness of less than a millimeter

* High thermal stability
*
*

Bendable
Sculpted PCB Figure 1: Flexible PCB by Swimbi [7]

Once the flexible PCB produced, conventional SMD (Surface Mounted
Device) components can be mounted onto it, effectively producing a circuit able to bend and conform to curvature as
illustrated by Figure 1.

Those kinds of configurations have found their way in many industrial and commercial applications because of some
advantages they feature over conventional rigid circuits: [8, 9]

* Good mechanical properties: Because of their flexible nature
these kinds of circuits are well suited to resist mechanical shocks,
vibrations, tension or strain. Indeed, upon an applied strain or
deformation they would simply bend and stress should not build
up into the electrical components themselves (to a certain ex-
tent). A good and simple example would be the case of electrical
ribbon/connectors often used as wires with many traces to con-
nect a screen to a mother board in a phone or through the hinge
of a laptop. Another example would be the case of an electronic
bus and tram ticket used here in Belgium. These integrate a
flexible antenna build from thin metallic traces embedded in a
polymer, making them resistant to being dropped, bent or to be

Figure 2: Olympus stylus type camera without sat omn.
the cover (manufactured by Olympus). The flex-
ible PCB can be seen wrapped around the ob-
ject. This allows for a single PCB to be used
instead of a combination of a mother and chil-
dren set of boards. Image by Steve Jurvetson on
Flickr. [10]

* Another advantage is that it often reduces the BOM (Bill Of
Material) required to build a complete device. Indeed, instead
of manufacturing a main board and many sub-boards, a single
circuit can be designed and wrapped around an object or bent
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to fit into a desired space. This allows not only to drive the price down but also to reduce the risk of a failure due
to a wrong assembly (less satellite boards means fewer cables, connections and soldering points) as well as making
the design more compact. An example is shown in Figure 2.

* Also, polyimide (the most commonly used polymer for these kinds of applications) features a good thermal stability
allowing the circuit to operate at temperatures ranging up to 400°C.

From the arguments given here above one can understand why such a technology has gained interest in many applications
such as for electrical ribbon connectors, sensing, and the design of cheap or high temperature resistant electronics.

However, this technology still has one major limitation: the components mounted on it are not flexible themselves.
SMD type resistors, capacitors or any other classically packaged ICs are intrinsically stiff and rigid. This limits the
amount of strain that one can apply to the circuit if one wants to avoid breaking the mounted ICs/components or the
solder joints.

Indeed, flexible PCBs are only the tip of the iceberg when it comes to flexible electronics. The complete discussion
made up to this point only focused on the component carrier (the PCB or flex PCB) but we will now broaden the topic
to flexibility at the chip and even transistor level. The next section will tackle the different trends that exist in the
micro and nano-fabrication world to design flexible or bendable chips. A discussion will be made about the definition of
flexibility itself. The used definition having a big influence on the device produced.

1.1 Flexible IC’s origin

Flexible ICs, that will from now on be referred to using the term
"Flexible FElectronics’, have been a field of development for the last
40 years and is seen by many as a promising new paradigm for mod-
ern electronics. Research spanning from the development of electronic
paper, fabric, flexible solar cells, flexible displays, memories and even
flexible transistors have shown a growing interest from the scientific
community as illustrated in Figure 3. As one can see from the plot,
the number of publications have only been growing, with the first pub-
lications mainly focusing on the thinning of silicon substrate. Indeed,
as silicon is thinned further and further, the materials starts becoming

500 T T T

g

—8— Cumulative Total Number of

#— Ultra-Thin Chip °
400 - —m— Thinning of Silicon-On-Insulator
—w— Wafer Thinning

L
2
8

Cumulative Number of Publications

300

g

200

8

100 4 o

Cumulative Total Number of Publications

(4 _ | " |
...-""/_, Jr;f",. 190 compliant and bendable (for thickness under 100 yum). The thinning
°1 ***" L ':'V'J’" of silicon so that the material in itself becomes flexible has given birth
e o0 s 20 b 20 xE 2o to the concept of UTC (Ultra Thin Chips) as we will see, but note
Year for later that this is not the only way to manufacture bendable, and

to an extent flexible, ICs. The use of polymer or island of rigid silicon
Figure 3: Number of publications mentioning or - heing another route. 6, 11].

related to thin-Si. [11] In terms of market (hence setting aside the scientific side of things),
it is expected to grow from 30 billion USD in 2017 to more than 300 billion USD in 2028 according to [11]. This shows
that the technology not only has an interest to researchers but also in the industry and for real life applications.

The reason for this growing interest mainly lies in the multiple possibilities offered by flexibility at "the silicon" or chip
level. Here are some examples at the system level coming mainly from [6] and [11]:

x Electronic displays: Probably the most known and shiny example of flexible electronics. Indeed, having recently
hit the market in consumer products, this technology started to be noticed even by the general public. However,
OLED, the technology behind these displays, has been around since a least the 1980s and is built with a thin-
film approach. Furthermore, OLED stands for Organic Light Emitting Diode meaning that the LED in itself is
compliant. Apart from the use in mobile phones, the technology of flexible displays and even organic light emitting
diodes could find its way in applications such as head-up displays integrated in the windshields of vehicles, airplanes
or even glasses.

x Sensing application: Another example where flexible electronic could be of great interest is in the biomedical
sector. Flexible sensing equipment that could be implanted in a patient’s brain or any living tissue has been a
hot topic in the recent year. The interest lies in the fact that not only strain, temperature, ... sensors could be
implanted in a patient but also the complete accompanying electronics. This would allow for high speed data and
signal processing as well as high speed wireless communication without the need of the patient carrying an external
device. In addition, tight integration of electronics into living organism would allow easier energy harvesting for
low power devices to operate for extended periods of time.
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x Many other applications such as electronic skin, flexible solar array to be integrated in clothing, windows, ...
application in the IoT industry and so on.

As one can see, the bottom line of all these examples is a tighter integration of electronics in everyday materials. Naturally,
these examples are not representative of all possibilities the technology offers and are only examples of a system level
integration of the technology. As we will see later, two great paradigms are in opposition on the topic of strain.
Indeed, when designing flexible electronics one might want to either reduce the strain applied to the components/devices
(transistors, diodes and so son) or, on the contrary, exploit it to do what is called strain engineering to change the
properties of a material.

In terms of the history of the technology, as was said earlier, the hype over flexible electronics started to take off
40 years ago. However, the technology can be traced back to 1960 with the first developments of solar arrays built
from thinned sub 100 pm silicon on a plastic layer, making it compliant. Further development in the field of solar
arrays lead to the invention in the 1980s of what we now commonly referred to as "Roll to Roll" fabrication of solar
panels. This technique is based on the concurrent developments of TFT made out of amorphous silicon on a polymeric
substrate. The fabrication occurring on a roll of this polymer prior to it being sliced into the final desired sizes. [12]

The development of those TFTs bases on amorphous silicon, also noted a- SiN

Si, started concurrently to the thinning of silicon wafers in the early 1960s. a-Si (n+) a-Si
TFTs, standing for Thin Film Transistors, are a sub category of IGFETS | gource metal
(Insulated Gate Field Effect Transistors? ). The definition thin coming
from the fact that the thickness of the device is orders of magnitude smaller

than its other dimensions. A Gate N

The use of a-Si is one of the key differences between a conventional MOS-
FET and a TFT. Indeed, where transistors where traditionally made out
of monocrystalline silicon (often called single crystal silicon) that must be Figure 4: TFT build from PECVD de-
grown from a seed of known orientation then sliced from the ingot before Posited a-Si. Diagram from [13]

polishing and thinning, the use of a-Si allows the fabrication of devices via

PECVD. PECVD, standing for Plasma Enhanced Chemical Vapor Deposition, indeed allowing for the deposition of
thin silicon layer in the order of the manometer scale. Something that is hard to achieve via thinning of bulk mono-Si.

Drain metal

The difference between both materials lies in the fact that where mono-Si
wafers are constituted of a single continuous piece of crystal, a-Si on the
other hand is the non-crystalline form of silicon. This means that a-Si can
be defined as short range order, but not long range order as in mono-Si.
Silicon is known to make four covalent bounds with each adjacent silicon
atom. In the case of mono-Si, a periodic and ordered repetition of atoms
occurs, giving birth to a continuous lattice forming a single piece of silicon
crystal, hence the name mono-Si. In a-Si the randomness of the deposition
of silicon atoms (every silicon atoms has a random orientation) leads to the
creation of a non-crystalline layers of unordered silicon atoms forming either
covalent bounds or free dangling bounds. More information on the formation
of silicon layers are given in subsubsection 1.3.1.

These dangling bounds are defined as amphoteric, meaning that they fea-
ture one unpaired electron able to either catch another electron and become
negative or release this electron making the site positively charged. A solu-
tion to reduce the density of these dangling bounds is to use a hydrogenated
silicon alloy Si:H (10% of hydrogen) where the hydrogen atom will fix to the
dangling bound, effectively passivating it. The structure of a-Si:H can be
seen on Figure 5. [13]

Figure 5: Structure of a-Si:H. Dangling
bound in dashed lines, hydrogen atoms in
dark circles and silicon atoms in white cir-
cles. Diagram from [13]

However, despite the imperfections in the crystal lattice, researchers in the
1970s have demonstrated that a passivated PECVD layer of a-Si:H had a low
enough trap density to be doped and effectively be used as a semiconductor
for the development of field effect transistors later giving birth to the TFT. [14]

The use of PECVD as a way to build the active silicon layer came with a series of benefits in terms of achievable
device thickness as well as the emergence of new fabrication techniques such as the already mentioned Roll to Roll
manufacturing on flexible polymers. This invention effectively increasing the production throughput as well as reducing

2Note that MOSFET (Metal Oxide Field Effect Transistors) are themselves a sub category of IGFET where the insulator (I) is the oxide
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the cost. Uninterrupted PECVD deposition being achievable with, for example, a conveyor belt type CVD reactor|[15].
These innovations ending up making possible the fabrication of flexible solar arrays as previously mentioned.

Naturally, all TET aren’t built on top of a flexible polymer. A common substrate being glass. The first demonstration
of a flexible TF'T however, traces back to 1968 with such a transistor built on paper. Since then, TFTs have been made
on various materials including polyimide and the technology has reached maturity in fields such as optoelectronics by
featuring field effect electron mobility up from 0.5 to 1 cm?V~'s~1. [12, 16]

Another approach to thin silicon based bendable transistors is the use of organic materials as the semiconductor
itself and not only the substrate. OTFT? (Organic Thin Film Transistors) were first introduced in 1964 with the
demonstration of the field effect in an organic material. The use of polymer/organic material as the semiconductor
comes with the benefits that the built TFT/device is by nature bendable and compliant. However, it comes with a series
of challenges in terms of performances and manufacturing cost and scaling, as will be discussed in subsection 1.3. [17]

1.2 Flexible electronics: different definitions

When it comes to flexible electronics, many different paradigms coexist and share the umbrella definition of flexible.
However, very different applications aiming at completely different goals exist. To highlight the different paradigms one
must first consider the following question: "What does flexible mean ?". This seemingly trivial question does indeed hide
a key aspect of flexible electronics being that different applications might require different levels of flexibility and hence
rely on different techniques. Here are some definitions/level of flexibility: [18, 11, 19]

x Bendable: These systems are built as released structure that are designed to flex with the level of strain >1%.
Research in that field have mainly been around the development of intrinsically bendable materials such as plastic,
polymer or thin chips. Hence the thinning of silicon into the sub 100 pm range, the PECVD built a-Si:H or organic
TFTs, integration of chips in the neutral plane of a material and UTC all fall into that category. In these cases the
device should be able to bend many times in different orientations and to conform to surfaces without breaking,
but should also be able to remain functional for very small curvature radii. These device are also generally not
stretchable. They are designed to accommodate the variations in strain between the outside and inside surfaces that
occur upon bending. Indeed, when bending a structure the outside of the curve will stretch while the inside will

d
compress by the bending strain ¢ = — where d is the sheet thickness and r the curvature radius. Looking at this

equation one can understand why thirq chips are good candidates for bendable electronics: reducing the thickness
allows for a smaller curvature radius at constant strain. The goal being to keep the maximum strain below the
fracture limit of the considered material (which is a function of its thickness). Note that another approach can also
be considered in the case of bendable electronics: maximising the strain applied to a material as we will see later
(this being called strain engineering). Applications for bendable electronics could be for large flexible displays, roll
to roll manufacturing or strain engineering, ...

* Elastic/stretchable: In this case the device/structure might be subject to very high and reversible levels of strain
well above 1% of deformation. The electronics might be folded, bent, wrapped, stretched many many times hence
requiring a completely different approach than the one used to achieve bendability. The thinning of a material or
its integration into the neutral plane is here not sufficient and the generally adopted approach is to split the design
into separated rigid islands interconnected using stretchable wires on a elastomer. The goal being to transfer all
strain into deformation of the substrate and not transfer any stresses generated by the curvature into the island.
This approach allows for tight radii of curvature. Another approach would be to go beyond the thin chip in the
world of nanomembranes.

* Permanently shaped: This kind of flexibility is related to the two previous ones. The difference being that once
conformed to a surface, the device should only experience mild changes in curvature during its lifespan hence not
allowing its orientation to be changed too many times. Examples could be integration of electronics inside curved
dashboards, windshields, windows, ... Another difference with the bendable approach is that if one wants to be
able to conform the electronic device to any surface, the ability to handle small curvature radii might be required.
In that case, as we will see later, the UTC approach is no longer an option since high levels of strain (»1%) might
be encountered. A matrix/island approach with stretchable interconnects should be considered. More generally,
the technique used for conformable electronics, be it bendable or stretchable, will depend on the required curvature
radius.

These various requirements will call for new substrates being either thinned materials, polymers or metals. Figure 6
from [20] gives three examples of substrates for the previous definitions. The first one, thin glass, could be used in the

3the technology that OLED is based on
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case of bendable electronics, the second one, plastic, for high strain electronics and the last one, metal, for its ability to
keep its shape once formed and could hence serve for permanently shaped electronics. The table gives useful mechanical,
electrical and chemical properties that will be used for future reference in this thesis.

Gilass Plastics
Property Unit (1737)  (PEN, PD) Stainless steel (430)
Thickness pm 100 100 100
Weight g/m? 250 120 800
Safe bending radius cm 40 4 4
Roll-to-roll processable? - Unlikely Likely Yes
Visually transparent? - Yes Some No
Maximum process “C 600 180, 300 1,000
lcmperature
CTE ppm/°C 4 16 10
Elastic modulus GPa 70 5 200
Permeable to oxygen, water No Yes No
vapor
Coefficient of hydrolytic ppm/%RH  None 11,11 None
expansion
Prebake required? - Maybe  Yes No
Planarization required? - No No Yes
Buffer layer required? Maybe  yes: adhesion,  yes: electrical
Why? chemical insulator, chemical
passivalion passivalion
Electrical conductivity - None None High
Thermal conductivity Wim.°C 1 0.1-0.2 16
Plastic encapsulation to Substratc ~ 5x 1% Bx
place electronics in thickness
neutral plane
Deform after device - No Yes No
fabrication

Figure 6: Properties of thinned glass, plastic and metal as substrates for bendable, flexible and permanently shaped
electronics. Table coming from [20]

1.3 Choice of an active material for flexible electronics

This section is based on [11]. Additional sources will be explicitly mentioned otherwise

In addition to choosing a substrate that suits the specific application requirements, one must also tackle the problem
of what type of semiconductor to use to obtain an active flexible device. The obvious choice would be to lean towards
the use of small-molecule organic materials since they are by nature compliant and bendable.

The idea of using an organic type material to replace silicon into the building of active devices such as transistors is not
new. The first demonstration of the field effect in such a materials indeed tracing back to 1964. The development of
OFET since the late 1990s has even been able to produce pentacene-based active devices with a hole field effect mobility
of 3.2 em?V~!s~! giving them an effective ON current comparable to a more standard silicon based TFT.

Other materials such as graphene even feature an even greater carrier mobility of 24 000 cm2V~'s~!, which is twice
as much as mono-Si and 750 times more than a-Si as one can observe from Figure 6. Even if not considered to be an
organic material, the atomic thickness of graphene makes it flexible and hence suitable for our considered application.
Furthermore, looking at the mobility alone, one might think that graphene would outperform silicon in addition to
featuring compliance, but this metric does not tell the entire story [17, 11].

Indeed, another thing to consider is the Technology Readiness Level, or TRL, of a given platform. For instance, since
silicon has dominated the industry for many years, it benefits of a high TRL compared to graphene which was discovered
in 2004 and has not reached industrial applications yet[21]. Mass production of graphene remains a hot research topic
and today’s used graphene (in lab environment) comes from small scale CVD or rudimentary exfoliation [22].

Know how when it comes to micro and nanofabrication is essential to take into account and cannot be neglected. One
way to asses this difference is to look at the achievable channel length when building a transistor out of a given material.
This can be seen in Figure 7 under the channel length column. Here, one can see that the achievable channel length
of transistors made out of mono-Si is currently of 14 nm compared to the 40 nm node of graphene and 2000 nm of

on

of f

pentacene-based device. Furthermore, still in Figure 7, one can see the difference in the achievable current ratio of

silicon against graphene and pentacene.



EPL UCLouvain TFE M2 2021-2022 Lahaye Loic

Now that all these technological parameters have been presented one way to compare the different technological platforms
available, we can look at what we call the transition frequency of transistors. To this end, one needs to take into
consideration the parameters influencing the device performance, namely: carrier mobility, channel length, ON/OFF
current ratio as well as all other parameters that are fixed. These other parameters being: the oxide capacitance,

threshold voltage, channel width, ... From there one can express the transit frequency as[11]:
fr « s that can be normalised as f x £ (1.1)
T L2 Thorm L2 N

Where £k is a constant depending on the device dimensions and parameters, u is the carrier mobility and L is the channel
length.

From here, and knowing that the transit frequency represents the frequency at which a transistor reaches the unity
current gain, one can use it as a figure of merit to compare the performance of a given transistor with a channel made
out of a different material. Again, Figure 7 has compiled examples from the literature giving us an overview of the
performance of real world devices.

Here one can observe that mono-Si has a transition frequency >40 times higher than the one of graphene-based devices.
Hence, from that metric one can see that mono-Si is a good candidate for the building of high performance flexible
electronics.

Therefore, considering both the outstanding performance of mono-Si as well as its high TRL we can conclude that
silicon is a good candidate to meet the demands of high performance flexible devices. Naturally, future development
to increase the TRL of graphene or the performances of organic material (like pentacene) might reverse this trend, but
this is unlikely to occur in the coming years [11]. Silicon benefiting of years of expertise indeed offering high reliability,
good scalability and achievable device density as well as an extensive panel of well mastered micro and nanofabrication
techniques available today.

All these considerations in mind, the next section will focus on a brief description of silicon in terms of material properties.

Material Mobility () Channel length Normalized transit [
lem®/V-s] (L) [nm] frequency (fiaoem) [GHzZ]
Monocrystalline Si 300-1200 14 4250 107
Amorphous Si 5-32 12,500 0.00115 10°
-V Semiconductors 400-12,000 75 165 10"
Mo5, 700 300 42 10°
WS, 234 6000 38 10"
Pentacene 15 2000 00114 10°
CVD Graphene 24,000 40 100 10¢

Figure 7: Comparison of the performance of various devices based on different semiconductors. Table assembled by [11]

1.3.1 Silicon

This section is based on [23, 24, 25]. Additional sources will be explicitly mentioned otherwise

Since silicon is indicated as used in flexible electronics let’s take a look at some of its properties before moving
on. Silicon is what we call an anisotropic material. This means that it features different physical properties (be them
electrical, mechanical, chemical or other) when observed/measured along different directions. In the case of silicon this
is due to its crystallographic orientation.
Indeed, a mono-Si bulk wafer for example, is made out of silicon atoms that form four covalent bounds with adjacent

atoms in a periodic long range pattern. A representation of this particular crystallographic arrangement can be seen on
Figure 9. A common description of the cubic silicon crystal orientation is given as follows:

* [...]: Represents a given specific crystal orientation. For example [137] represents a vector made out of the 1, 3
and 7 component in an orthonormal reference frame or:r = lex + 3e, + 7e,.

x <...>: Represents of a set of an equivalent crystal orientation. For instance, by symmetry one can define the
group <100> representing the vectors [100],[010] and [001] that are equivalent from a crystallographic stand point
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* (...): Represents a given crystal plane. Since the silicon atoms are all repeated in a periodic pattern into the crystal
lattice, all atoms have the same specific orientation hence defining different crystal planes. For example, the (100)
plane represents the crystal plane perpendicular to the normal vector [100].

* {...}: As for the <...> notation, this is an abbreviation for equivalent crystal planes. For instance {100} represents
a group composed of the (100) and (-100) planes.

This particularity of silicon will have an impact on its physical properties and more notably its chemicals and mechanical
ones.
Impact on the mechanical properties

Being an anisotropic material, the already given 1D definition of the Young’s modulus can no longer be used because
the value of the modulus will be a function of the orientation. To deal with this complication one must now consider the
tensor definition of the Young’s modulus given by:

0ij = Cijki€kl (1.2)

This expression, where C is the general definition of the stiffness, is for a purely anisotropic material. However, luckily for
us, the crystallographic arrangement of silicon is cubic making it symmetrical and allowing us to reduce the fourth rank
C tensor made out of 81 independent terms to a third rank tensor as given here below, simplifying further calculations:

o1 ci1 c2 c2 0 0 O €1
lop) ci2 c1 c2 0 0 O €2
03 ci2 c2 c1 0 0 0 €3
ol 10 0 0 e 0 0fla (1.3)
05 0 0 0 0 Cq4 0 €5
06 0 0 0 0 0 Cq4 €g

This reduction of the tensor being possible thanks to the orthotropic property of silicon, which is smart way to say that
the cubic structure of silicon features two orthogonal symmetry planes (wood is another example).

Developing the equations (which is out of the scope of this thesis but can be found in [25]) one can use the orthotropic
set of equations to find values for the Young’s modulus of a (100) silicon wafer along the principal directions of the group
<100> (values from [25]):

vy, = 0.36
E, = E, = 169 GPa G- = G., = 79.6 GPa
and Vye = 0.28 and (1.4)
E, =130 GPa Gy = 50.9 GPa
Vgy = 0.064

where E is the Young’s modulus, nu is the Poisson coefficient and G is the shear modulus. Additionally, the average
Young’s modulus, Poisson ratio and shear modulus for polycrystalline silicon (or polysilicon) are:

E =160 GPa and v =0.22 and G =65 GPa (1.5)

Also note that it has been empirically demonstrated that the Young’s Modulus of silicon changes passed a given thickness
hy according to [26]. The modulus starting to change from thicknesses below 80 nm following:

E = 54.872 % h)-22° (1.6)

which is a curve fitted onto experimental measurements.

Chemical properties and microfabrication considerations

Other critical things to consider linked to the anisotropy of silicon are the chemical properties. More precisely,
as illustrated in Figure 9, the fact that mono-Si features different crystallographic planes will lead to non-negligible
variations in etch rate. Indeed, when looking at the surface of a crystallographic plane, the orientation of the silicon
atoms constituting it will determine the amount of dangling bounds exposed to the etchant in the case of wet etching.
For instance, when submerged, a (100) oriented wafer will feature atoms connected to the lattice by two back bounds
and will expose two dangling bounds to the etchant. However, a (111) orientated wafer will present surfacic atoms with
three back bounds and only one dangling bound meaning that it is better attached to the underlying lattice and hence
requiring more energy for this plane to be dissolved in a base compared to the (100) plane.

This property of silicon expresses itself by a big difference in etch rate between different crystal planes, allowing for what
is called Anisotropic wet etching. For instance when considering the wet etching of silicon using the base KOH, the
following reaction occurs:

Si+40H™ —> Si(OH), + 4e~
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However, due to the difference in crystallographic orientation,
an etch selectivity of 1:600:400 can be observed between the [110]
(111):(110) and (100) crystal planes for an identical etchant of 4
20% KOH, 16% propanol and 64% of water by weight at 80°C S

[24]. U i

This property allows for etching of self-limiting shapes such as 2 B

the one illustrated on Figure 8. Once exposed to the etchant,

the more easily etched planes will be etched first, the etching
"stopping" when the etchant meets a wall with high selectivity.
This gives birth to predictable shapes depending of the wafer
type. For the two most commonly used wafer types in micro-

processing these are an inverted pyramid of self limiting depth
of:

Wmask
V2

for a (100), where W45k is the dimension of a square mask.
And in the case of a (110) wafer a self limiting well of depth:

d:

(1.7)

Figure 8: Self-limiting wet etching of mono-Si. (a.)
D= m (1.8) Wet etching of a (110) type wafer and (b.) Wet etching
2v6 of a (100) type wafer. Illustration from|[23]

where a and b are the dimensions of the mask opening. These 3D shapes originating directly from the crystallographic
structure of silicon and featuring, as already said, known parameters. For example, in the case of the anisotropic wet
etch of a (100) silicon wafer, the walls of the pyramid are slanted by a well known 54.7° compared to the surface of the
wafer. This angle being the one between the quickly etched (100) plane and the (111) etch limited plane.

This anisotropy can however be a constraint as well as a benefit since it does not allow to create any desired shape
as illustrated in Figure 9. Indeed, whatever the shape drawn on the mask, the obtained geometry will always tend to
align itself with a naturally self-limiting one allowed by the crystal plane. For example, drawing a circular opening in a
mask for etching a (100) wafer will result in undercutting and, in fine the production of the classical already introduced
inverted pyramid.

Isotropic etching of silicon is however not impossible at all and techniques such as dry etching can be used to obtain any
desired geometry.

Wafer nomenclature

Crystal orientation being such a big deal at the mechanical and chemical level, an easy way to differentiate between the
various types of wafers had to be devised. To easily discriminate between the wafers used in micro and nanofabrication
labs, the wafers feature one or two flats giving information on both the crystallographic orientation and intrinsic doping
level of the material.

The longer flat, or primary flat, is set to be aligned with the [110] direction and the presence/absence and position of
the shorter or secondary flat allows to discriminate between p- and n-type (100) or (111) plane silicon wafer. The four
combination are illustrated on Figure 9.

Different types of silicon
Finally, let’s note that different sorts of silicon layers can be used in the fabrication of ICs, namely:

x Monocrystalline silicon: also noted mono-Si, this type of silicon is the one with the most interesting characteris-
tics when it comes to building high performance ICs. In this case, as was already discussed, the silicon layer is one
continuous piece of crystal. This uninterrupted lattice allows for a high carrier mobility compared to polysilicon or
amorphous silicon as can be seen in Figure 7. Bulk wafers of mono-Si are typically built by growing an ingot from
a seed of silicon featuring a known crystallographic orientation. New crystals propagating with the same structure,
period and orientation of the seed crystal. The ingot must then be sliced to the desired thickness and polished to
form the final wafer. Figure 10 summarises the properties of this material. [27]

* Polycrystalline silicon: poly-Si is at the junction between mono- and a-Si. This type of silicon layer can be
obtained via an LPCVD process at 600°C resulting in a layer of silicon with grain type domain of a size of up
to 100 nm. Inside each domain a piece of single continuous crystal can be found giving this material mechanical
properties close to the one of mono-Si. This makes poly-Si a good and cheap alternative to using a thinned mono-Si
bulk wafer. However, the size of the grain being often larger than a typical thin film thickness renders this material
unusable for thin film deposition. [28]
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x Amorphous silicon: a-Si is the non crystalline version of silicon. It can be obtained either by sputtering, PECVD
or LPCVD at 570°C (this reducing the size of the grains/domains of poly-Si to the point where it can be considered
a-Si). This material features a short range order due to its atoms being randomly ordered and positioned relatively
to one another. This material can be used in thin film applications and is the most commonly used material in

photovoltaic applications [28].
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Figure 9: Representation of the crystallographic structure of silicon (a.) Crystallographic arrangement [25] (b.) Impact
of the anisotropy of silicon on wet etching processing techniques [23] (c.) Wafer classification based on primary and

secondary flats [24]

1.3.2 The challenge of using silicon

Despite being the best candidate for high performance flexible elec-
tronics, silicon comes at the cost of not being bendable as is. Indeed,
its high Young’s Modulus makes it a stiff and brittle material like
glass. As said earlier, bendable electronics will undergo strain for a

given curvature radius:
d

€ = 277”
This strain can be directly linked to a level of stress dictated by the
Young’s modulus, the thickness of the material and the curvature

radius as dictated by the following equation and illustrated in Fig-
ure 11:[11]

(1.9)

Exh
Ost = —o5

2R

The dashed line on the plot represents the strain level at which silicon
is expected to break for >50 pm thick chips. This strain level does
increase the thickness under 50 pm and a better figure of merit to
predict if silicon might break under a given strain is to look at the
maximal stress before fracture of silicon which is around 7 GPa. [11]

(1.10)

Furthermore, one must notice that silicon dies in the context of flexible

Strain

103 10 107" 1A‘oU
Radius of Curvature (mm-1)

Figure 11: Strain developed in silicon for differ-
ent thicknesses as a function of the curvature [11]

electronics are often embedded in or on the surface of a flexible polymer. In this case, looking at the assembly silicon
die on polymer, the Stoney’s formula can be used to predict the stress developed on the top surface of the silicon chip

following:
Egt?
of = —— "
6(1 - V)tfR

10

(1.11)
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Structural and mechanical
Atomic weight 28.09
Atoms, total (cm™) 4.995 x 10%
Crystal structure diamond (FCC)
Lattice constant (A) 543
Density (g/em®) 2.33
Density of surface atoms (cm2) (100) 6.78 x 10
(110) 9.59 x 10"
(111) 7.83 x 10
Young's modulus (GPa) 190 (111) erystal orientation
Yield strength (GPa) 7
Fracture strain 4%
Poisson ratio, v 0.27
Knoop hardness (kg/mm?) 850
Electrical
Energy gap (cV) 1.12
Intrinsic carrier concentration (cm ) 1.38 x 10"
Intrinsic resistivity (ohm-cm) 2.3 x 10°
Dielectric constant 11.8
Intrinsic Debye length (nm) 24
Mobility (drift) (cm?/V-s) 1500 (electrons)
475 (holes)
Temperature coefl. of resistivity (K™') 0.0017
Thermal
Coefficient of thermal expansion (°C h 2.6 x 107
Melting point (°C) 1421
Specilic heat (J/kg-K) T00
Thermal conductivity (W/m-K) 150
Thermal diffusivity 0.8cm?/s
Optical
Index of refraction 3.42 A =632nm
3.48 A = 1550nm
Energy gap wavelength 1.1 um (transparent at larger wavelengths)
Absorplion =10%cm™! A = 200-360 nm
10° em™! A = 420nm
10* em™~! = 550 nm
10°cm~! A = 800nm
<0.01cm™" A = 1550nm

Figure 10: Properties of monocrystalline silicon from [27]

where E; is the Young’s modulus of the polymer/substrate, ¢, the substrate thickness, v the Poisson’s ratio, t; the
silicon’s thickness and R the curvature radius.

From this point on, different practical approaches and paradigms start to emerge with the goal of achieving either
bendable or flexible electronics:

* Substrate: From the Stoney’s formula one can see that the stress is a direct function of the substrate’s Young’s
modulus. Hence, in order to tune the stress transferred to the silicon chip upon bending one might choose a
polymer with a higher or a lower modulus. For instance, if the goal is to minimise the stresses and strain, PDMS
(Polydimethylsiloxane) is a better choice than polyimide (Eppars = 360 — 870 kPa VS Ep; = 2.5 GPa [11)).

x Silicon thickness: Manufacturing thinned dies, chips and ICs allows to reduce the stress built up by rendering
the silicon bendable by thinning. This approach being the UTC one.

x Two different paradigms: Finally let’s notice that two paradigm coexists when it comes to flexible electronics:
avoiding stress build-up or on the contrary trying to maximise it to change the electrical and optical properties of
the silicon. The latter being called strain engineering"

In the upcoming sections these approaches will be described as well as illustrated by two examples linked to the world
of optoelectronics.

1.4 The UTC approach for bendable electronics
This section is based on [11]. Additional sources will be explicitly mentioned otherwise
UTC, or Ultra Thin Chip, is a road to reach "bendability", relying on the thinning beyond 50 pm of silicon. This

approach allows to build complete ICs based on an intrinsically bendable material compatible with most techniques of
CMOS processes.

11
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The thinning of silicon is what renders it compliant (see Figure 12) and devices built on PDMS have been able to reach
a bending radius of 6 mm without loss of functionality. The obtention of a thin layer of silicon being achievable through
various techniques:

Pre-processing

Pre-processing techniques relies on reducing the thickness of the silicon wafer prior to any other processing steps required
to build the ICs themselves. Existing techniques are:

* SOI: Probably the most obvious one. In this case the process doesn’t start with a bulk silicon wafer but with
a Silicon On Insulator one. Such wafers are made out of a stack composed of a thick silicon layer (the bulk or
handling layer), an insulation silicon dioxide layer (the BOX for Burried Oxyde) and the top silicon layer on which
the device is built (called the functional or device layer). Despite being more expensive than classical bulk wafers
( [150-1000] USD VS 25 USD), they have the advantage of featuring a very controlled top silicon layer thickness
(<1% thickness variation) and can be bought with a device layer as thin as 10 nm. The IC can then be built
into the device layer prior to the back etching of the SOI. The bulk-BOX-Device layer stack being used at our
advantage. Indeed, using selective wet etching (for example) one can etch away the silicon under the IC with the
etching stopping by itself ones it reaches the BOX. The use of SOI also allows straightforward fabrication of SiO,,
suspended membranes with a thin film silicon structure on it.

* Anisotropic wet etching: This approach is similar to the previous one but does not require the use of an SOI.
Prior to processing the IC, a hard mask of SiO, or aluminum can be built on the back side of the wafer. Once
the processing of the front side over, anisotropic wet etching can be used and self-limiting structures can be etched
away to control the silicon layer thickness as was discussed in subsubsection 1.3.1. The major drawback of this
method (also applicable to the case of SOI) is that the front side might need to be covered in a protective layer
prior to the exposure to the etchant used for the back etching of the wafer.

* Other approaches such as the deposition of an thin (<pm) epitaxial layer of silicon on top of porous silicon to
perform lift-off or etch stop techniques can also be used as pre-processing techniques.

In a nutshell, this category of fabrication methods consists in preparing the silicon thin film in advance, processing it on
a carrier and then releasing the structure. Processing a thin film directly being too challenging since it increases the risk
of rupturing it.

Post-processing

Opposed to the previous case, here wafer thinning is performed once the devices/ICs are completed. Methods are:

x Back grinding: Straightforward, cheap and easy, this technique allows to quickly remove material from the back
of a wafer. The action is purely mechanical and the term "grinding" is not a place holder. The wafer is effectively
put in contact with a rotating grinding wheel hence removing material (see Figure 12). This method is able to
produce wafers as thin as 3 pm if sufficient care is taken, but it also causes a lot of damage to the crystal lattice.
These imperfections in the surface finish act as stress concentration points and might be a cause of fracturing of
the thinned die upon bending. This is why back grinding is often used to make an initial and quick reduction of
the thickness before using another processing tool to reach the final desired thickness. These could be for instance
chemical polishing or RIE (Reactive Ion Etching). Wrapping and curling of the wafer on itself can also be another
consequence of the imperfections induced by grinding. These defects can however be countered by using the "Taiko"
process in which an outer rim of thick silicon is left to provide mechanical integrity and prevent the thin silicon
film from wrapping. (see Figure 12)

* Dry etching: Dry etching is the case where silicon (or another material) is removed via a bombardment of charged
ions. The wafer is placed in a plasma where ionised atoms (Argon ions for example) are accelerated towards the
wafer. These high energy ions then impact the material with high kinetic energy hence etching it. Another type is
RIE (Reactive Ion Etching), where a reactant is added to the gas in the chamber to increase the etch rate. In this
case, the phenomenon is not only physical anymore, but also chemical. An example of a silicon etchant gas would
be SF4. This techniques allows for a high level of anisotropy. However, it also comes with unwanted re-deposition
of material on the wafer. Polymerisation when carbon-based gasses are used is also to be considered.

* Dicing before grinding: This is an extension to the common grinding process. While grinding, another risk is
that the wafer might shatter. The danger is for the crack to propagate though a functional device. The solution is
to pre-dice the wafer, attach it to a carrier and then grind its back. This results in thin dies on a carrier that just
needs to be peeled away.

12
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a. Back Grinding C. a . e.
) Grinding Wheel
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Figure 12: Example of thin film silicon processing: (a.) Back grinding [11], (b.) RIE from the CORIAL website, (c.)
Dicing before grinding [29], (d.) 50 pm thick silicon wafer [30], (e.) and (f.) TAIKO process [31]

Other considerations

The choice of going with a pre- or post-processing path will depend on many process related parameters/challenges
and is hence to be discussed on a case by case basis. Furthermore, some techniques might also not be suited for a given
desired thickness and the cleanroom know-how and tooling is also to be considered when choosing a suitable approach.
However, both pre- and post- allow for the fabrication of thin film devices with more or less complications for the
operators. Figure 13 presents a comparison between the different thinning techniques that were previously discussed.

It is also to be noted that once built, these thin chips must be transferred onto a substrate or packaged. As we know,
when bent, the interior and exterior of the curve will experience different levels of strain and hence stress will build onto
the material. To increase the bendability of packaged UTCs, techniques have been developed to integrate them not on
the surface of a substrate, but between two layers. This positions the UTC on the neutral plane of the substrate where
stress and strain are zero in theory.

Finally, as an early introduction for a future section, UTCs are the way to go for strain engineering. Indeed, by choosing
a substrate with a relatively high Young’s modulus one is able to tune the strain level in the silicon hence changing
its electrical and optical behavior (strain engineering). UTCs are well suited for this application since thin silicon can
endure higher levels of deformation.

1.5 Stretchable electronics

This section is based on [19]. Additional sources will be explicitly mentioned otherwise

Going further than UTC, some applications might require deformation well above 1% of strain (»1%). This might
be the case for biomedical devices integrated inside human tissues, electronic paper or more generally any device to be
conformally wrapped around any object with a tight radius of curvature. We here also consider the case of devices that
might undergo repeated deformations during their lifespan in random directions.

For such applications, the classical approach to use intrinsically bendable organic semiconductors or thinned silicon will
not be sufficient. For these specific cases, research has deviated from looking into new material to focusing on the
development of new mechanical configurations or on the development of nanomembranes thinner than what was studied
in the UTC section (<10 nm). Let’s consider two approaches.

1.5.1 Silicon islands

This approach would theoretically allow any IC, built in a specific technology node, to be made flexible and stretchable
like memories or, someday, entire SOCs. The approach consists in splitting a design into small islands-like sub-module
connected by stretchable interconnects. These could be made out of conventional aluminum or copper traces arranged
in a horseshoe shape allowing them to be stretched like springs upon deformation of the substrate.
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Process Need for pre- Material removal Typical thickness of Challenges
processing rate (um/min) semiconductor layer
(pm)
Back grinding No 0.1-10 5-10 @ Deep scratches on backside
@ Chipping at the edges
TAIKO No 0.1-10 50-100 @ Dicing of membrane supported on ring can lead to
breakage
Dicing before No 0.1-10 10-25 @ >15pum sawlane is required
grinding @ No metal line over sawlanes
RIE/DRIE No 0.05-10 5-30 @ Non-uniform surface
@ Chances of frontside contami- nation due to reactive
ions
Anisotropic wet Yes 0.5-2 10-100 @ Sensitive to temperature and etchant concentration
etching @ Micro-masking led hillocks formation
Epitaxial silicon over Yes - 10-25 @ Stacking faults due to sintering
porous silicon @® Warpage on thin chip during detachment from
supporting pillars
Epitaxial growth and Yes 0.17-0.2 20-50 @ Low thermal budget in post-processing step due to
selective etching high temperature sensitivity of etch stop layer
@ Extreme control over defects in p + layer
SOl box/bulk No - 12-20 @ Fixing and supporting the thin chip during transfer
removal

Figure 13: Comparison of the obtainable thickness and etch rate of different UTC related processing steps. Reduced
version of a table proposed in [11]

In this case we want to prevent any strain to be transferred to the silicon in itself. The strain should be localized in the
inter island space and the interconnect and flexible substrate should be able to deform elastically.

The size and thickness of the individual islands, the ability to stretch and not only bend and the spacing between each
island will be a function of the polymer used. We can again confront both PDMS and polyimide. PDMS being the
material of choice for stretchable electronics due to its latex-like consistency (Eppms = 360 — 870 kPa). On the other
hand, the inability of polyimide to stretch makes it unsuitable for stretchable electronics, but it could still be used if the
thickness and dimensions of the islands are limited and if they are placed on the neutral plane of the polyimide substrate.
This strain limitation measure being unnecessary for PDMS substrates.

The obvious downside of this technique is that it reduces the device density by splitting a design in functional islands
leaving space between them.

1.5.2 Nanomembrane

This approach is more like the one studied in the case of UTC, but thinner. In this case, sub 10 nm layers are used
for either the active silicon devices or the interconnects. This allows for some exotic structures such as:

* Wave configuration: A thin layer of silicon or metal (to build the interconnects) is deposited on a pre-stretched
layer of PDMS. Once deposited, the PDMS is relaxed and a periodic buckling appears in the deposited silicon
due to the mechanical interaction and stresses that appear between the two materials upon layer deposition. This
"wavy" configuration allows for a deformation of the nanomembrane of up to 15%. In addition, by controlling the
deposition parameters and the pre-stretched conditions of the substrate, one can tune the wave frequency allowing
for more or less stretchability. Indeed, a wave of high amplitude and high frequency will allow the assembly to
stretch more than a low amplitude and low frequency one.

x Pop-up: A variation of the previous configuration is the so-called pop-up one and is used to build stretchable wires.
Here the material is only bound at some locations and not on the entire plane of the substrate. The manufacturing
process is however similar to the previous case: PDMS is pre-stretched whilst the metal is deposited. The layer
is then bound to the substrate at the desired location (like a functional silicon island, for instance) and, upon
mechanical relaxation, the unbound wires will delaminate ( "pop-up") from the substrate allowing them to stretch.

x Stretchable scissor-like mesh: Finally a scissor configuration can be used to allow for mesh deformations.

Note that in these examples the flexibility is achieved either by a combination of a nanometric membrane and a flexible
substrate (or island configuration) while stretchability relies on innovative mechanical configurations (wave, scissors, ...).
They are illustrated in Figure 14.
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Devices based on this combination of a nanomembrane and new mechanical configuration have been demonstrated to
reach bending radii of 0.05 mm while remaining functional and featuring a carrier mobility in the hundreds of cm?V ™~ *s 1.

Finally, even if the rigid silicon island approach has the benefit of allowing to build flexible devices at the system level,
it does not allow for strain engineering. For the latter, a nanomembrane or at least thin chip approach is required.
Nanomembranes having the benefit of allowing for much higher strain levels (up to 15% in the case of the wave configu-
ration).

LN\ :

&

- 5 mm =2 mm

Figure 14: Example of a stretchable configuration [19]

1.5.3 Example of stretchable electronics: Hemispherical eye camera

2 Strain engineering and the application in optoelectronics
This section is based on [82, 83]. Additional sources will be explicitly mentioned otherwise

Up to here, flexibility has been introduced as a concept on its own and as a goal to achieve. Materials, structures and
shapes were presented to achieve various levels of applicable strain while reducing the stress induced on the structure.
These techniques ranged from trying to avoid any strain at all in the functional material (rigid silicon islands with flexible
interconnects) to thinning the material down to the nanomembrane. The latter allowing to reach high levels of strain

d
with reduced stress build-up (remember that € = R and that E = %)

These nanomembranes (in combination with innovative shapes like the wave one) have been able to reach higher and
higher levels of strain without rupture (up to 10 or 15%) in functional layers of silicon. This opens an highway to
further development of a field called Stain engineering.

Strain engineering could be defined as:

Modification of the electrical/optical properties of a semiconductor by application of a known level of strain either self
induced or by external loading of the structure

Strain engineering with small levels of deformation is already widely used in the industry since it is an easy and inexpensive
way to boost the performances of transistor based devices. Indeed, the application of strain by self loading of the device
allows for a reduction of the effective mass of the carriers leading to an increase (>100% increase for € > 1% ) in their
mobility. [34]

Achieving such levels of stress in silicon is made possible by the reduction of the effective volume of each individual
transistor. Self loading is induced by micro- and nanofabrication techniques taking advantage of the self induced stresses
generated at the interface between two different materials.
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Hence, further development in nanometric silicon membranes enabling to reach increasingly high levels of strain provides
us with even more possibilities such as sufficient modification of the fundamental silicon bandgap to achieve photodetec-
tion deeper in the infrared region.

This last part is what we are going to focus on for the rest of this paper. Silicon has been used for photodetectors for
many years and is now found in most digital cameras in the form of CMOS sensors. However, its fundamental bandgap
of 1.12 eV does not allow it to detect wavelengths passed 1.1 pm. Hence, here strain engineering comes into action to
try and shrink this bandgap to achieve detection passed this threshold.

This section will hence focus on the electrical properties of silicon and investigate how strain can help reduce its bandgap
and enhance its properties.

2.1 Band structure of silicon and other electrical properties

This section is a summary of a detailed calculation made by Pr D.Flandre and V.Bayot in [35]. Complete development
can be found in the source (in french). Additional sources will be explicitly mentioned otherwise

This section comes as a complement to the mechanical properties
of silicon already presented in subsubsection 1.3.1. In that previous

1 : . e - * i %
section, the focus was more on the mechanical properties of silicon wo 0
whereas here the text will take a deep dive in its properties as a semi- \ (’ B N T
conductor. { w DA EASEASEN

Yix) ()
1

* - - . 5~ . . x

Silicon is considered as a crystal. This crystal as an all is neutral
but can be seen as a combination of positively charged ions and an ! L,
equivalent number of almost free electrons. This denomination is im-
portant because we consider electrons located deep into the lattice to
be fixed and hence unable to participate in conduction whereas almost
free electrons on the periphery of the crystal can. The study of their
energy level is of critical interest. Indeed, the level of energy they will
occupy will define the conductive properties of the material.

()

Figure 15: Model of a periodic crystal (a.) Som-

merfeld (b.) Kronig-Penney. Illustration from
To determine those energy levels, one must solve the Schrodinger equa- [35]

tion to obtain the wave function @;(7;) for each almost free electrons.

The general form of the time independent Schrédinger equation:
o ‘ ’(alH:J . flla o . a ath . =
h—2A; _ _ _ _
= 5, V() + Z Vij(73)|®i(7:) = Ei®;(7;) (2.1) vi)
Jj=1 -(a+b] -b 0 a ath =
ho P i A i P i
* h= o the reduced Planck constant !
T
x @;(r;) the wave function of the almost free electron i .
x F; the energy level of the almost free electron i. The energy ?
of all these electrons being £ = Z?:l E; where QQ is the total
number of almost free electrons Figure 16: Kronig-Penney model. Illustration

* V;;(7;) the potential between two almost free electrons from [35]
* V(7;) the potential between the almost free electron ¢ and the
lattice ions

From here, one can see that to solve for @;(7;), one must know both V;;(7;) and V(;). This computation will hence be
made easier by wisely choosing a model for this potential. Simplifying the expression, one could say that we need to find
a model for Z?Zl Vij(73) + V(7;) = V'(7;) + V(r;). Considering that monocrystalline silicon is a periodic repetition of
well ordered silicon atoms, one can understand that the potential acting on each almost free electrons will be a periodic
function.

The equation expressing the potential between a negative electron —q and a lattice ion of charge +¢Z is given by:

quz

B 47re|x]

V(z) (2.2)

where z is the distance between the ions and the electron. Now, since a crystal is a periodic repetition of atoms, one can
conclude that the potential acting on the almost free electrons will be the interaction between every individual potential
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Vi, leading to representation (c) of Figure 15. To make the computation of the wave function easier, one can use the
Kronig-Penney model, where the potential is simplified to a battlement like configuration with:

V(x):{_vo (Vo>0) for 0<z<a (2.3)

+Vi for —-b<z<0

This simplification is represented in Figure 15 (e) and in Figure 16. This model implies that one can simplify the
Schrédinger equation, previously introduced, into two individual equations to be solved in order to obtain the energy
level of the almost free electrons:

2 o
2m  dx?

—Vo@(z) = Ed(z) for 0 < x < a
(2.4)
o)
2m  dx?

—V1®(x) = EP(z) for —b<z <0

Since the potential V() is periodic, the solution of the Schrodinger equation should be a Bloch function as follows:

D(z) = (2.5)

{ei’”ua,k(w) for 0<z<a
o

Fupp(z) for —b<x<0

where uy, is a periodic function with the same period as the potential: ug(a + b+ z) = ui(z) and k is the wave number
2m

(modulus of the wave vector |k| =k = 7) Solving this equation gives us what we call the dispersion equation:

L+ b(3? —a?)

cos[k(a + b)] = cos(aa) cosh(/3b) e Sin<aa)M

2.6
Bb (26)
where we define a and [ as follows (with m the mass of the electron):

o= %\/2m(E+ V) and fB= % 2m(Vy — E) (2.7)

The dispersion equation links the energy level and the wave number k, giving the allowed energy levels inside the crystal
for the almost free electrons (each combination of E and k giving a particular wave function for the considered electron).
Making one more simplifications by considering that (V43 — o0) and (b — 0) but with V;b remaining finite (to avoid
undetermination), one can write:

sin («a) with P:mvlab
aa h?

cos (ka) = cos (aa) + P (2.8)
From this simplified expression, one can see that since the cosine function is periodic and bounded between [-1,1], for
each value of k, only a discrete number of aa values are possible for the equation to hold. Hence, rewriting Equation 2.7

as:
(ah)? (aah)?

E=-Vo+ 2m Vo 2ma?

and using it in Equation 2.8, one can notice that we obtain a discrete number of possible values of E that we write
E,(k) with n = 1,2,3,.... This gives us the well-known result that in a periodic crystal, the electron can only occupy
a discrete number of allowed energy levels. Each of these energy levels being separated by a forbidden region where

electrons cannot be present (unless during the short transition period between energy bands).

(2.9)

2
E, (k) is a periodic function of period k = T Where a is the wavelength of the Kronig-Penney crystal model. Note that

a

this matches the definition of the wave number given earlier. Figure 17 here below represents the allowed energy levels
of the electrons limited to the first Brillouin Zone (first period of the periodic crystal). In addition, if one takes the
amplitude of each energy function, the so-called allowed energy bands can be defined.

This rather long development allows us to understand that almost free electrons have to exist in certain well-defined
regions and avoid forbidden bands. Since lattice electrons are bound and unable to move, one must notice that the
electrical properties of the crystal will then be linked to the distribution of the energy states of these valence/almost free
electrons. From here, one can predict the electrical behavior of a given material by looking at these bands.
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The occupation of a given allowed energy band by an electron is determined by a distribution function. For an undoped,
hence intrinsic material, this statistic distribution, known as the Fermi-Dirac distribution, is given by:

1
1 + elBn(k—p)]/kT

fro(B)=1 if E<u
frp(E)=0 if E>p

frp(k) = with @ 0K { (2.10)

which gives the probability that an electron will occupy a given energy level E,, (k). To simplify the discussion, one could
consider the case where the material is at OK. In this case, the probability to find an electron above the chemical potential
1 is equal to zero. The right part of Figure 17 illustrates different possible energy band configurations. Note that the
electrons will always fill the lowest energy states first. The last occupied band is called the valance band whereas the
first band above it is called the conduction band. It can either be empty or partially filled with charge carriers. From
here on, one can define:

* Insulating material (a): In this case the valence band is full of electrons (2N) and the conduction band is empty.
The bandgap between the two is large. This forbidden gap between the conduction and valence band is defined as
E, = E. — E, where E, is the energy level of the conduction band and E, is the energy level of the valence band.
The bandgap for an insulator is typically of 5 eV.

* Semiconductors (b): Same as for an insulating material but the bandgap is smaller ( 1 V) allowing carriers to
jump to the conduction band from the valence band given enough energy is provided (thermal energy Er = kyT = 26
meV @300K). In the case of silicon the bandgap is 1.12 eV.

* Metal (c): If the bands overlap or if the valence band is partially filled, the crystal is defined as a metal.

Considering the case at room temperature ( 300K), one can define the Fermi level* which, for an intrinsic crystal, sits in
the middle of the forbidden band. The doping of the crystal allows to shift this level of energy and bring it either closer
to the valence or conduction band. This is the principle of doping.
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Figure 17: Allowed energy bands E, (k) limited to the first Brillouin zone (Left) and energy bands for an insulating,
semiconductor and conductor material (Right). Illustration from [35]

2.1.1 Doping of silicon

Silicon features what we call an intrinsic energy level. When undoped, the semiconductor features carriers generated
only by thermal agitation. An electron can be excited and jump from the valence band to the conduction band. This
electron now being able to participate in the electrical conduction, leaving behind what is called a hole (or a positive
charge). The hole being a concept used to simplify the calculations, because in practice, a hole is just a lack of electrons.

When undoped, the crystal is, as was said, in its intrinsic state and has a level of auto-generated charge carriers coming
from thermal agitation given by:

—7014

p=n=mny(T) =378+ 10"T%/2 exp @300K  1;(300) = 1,38 % 10" [cm] ? (2.11)

4Careful here: Fermi energy is the Fermi level when at 0K while the Fermi level is defined for all temperatures
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here T is the temperature in Kelvin. This equation gives us the dopant concentration as a function of the temperature
in an intrinsic crystal. The concentration in holes and electrons being the same since each excited electron leaves exactly
one hole behind. The Fermi level in the intrinsic case is given by:

1
2

My

E; =

[E.+ E, = ;len | ~ %[EC +E,| (2.12)

me
where m. and m, are the effective masses of electrons and holes (see later), respectively. This level is then, when
undoped, in the middle of the forbidden band (F; = 0.56 €V for undoped silicon considering a 1.12 ¢V bandgap and
considering the valence band as the zero energy level).

However, in practice, semiconductors do not rely only on these intrinsic charge carriers but also on charges coming
from impurities called doping atoms. Two kinds of doping are possible:

P doping

In this case, the silicon is implanted with impurities able to catch an electron, leaving a mobile hole behind. A common
type of a P doping species is boron. Initially, just after the implantation, the boron atom is neutral and leads to what
we call an extrinsic energy level to the energy band configuration of the initial crystal. An extrinsic energy level is an
energy level brought by the impurities and is initially void of electrons. Note that this extrinsic energy level must be in
the forbidden band of the silicon in order to change the electrical properties of the material.

Once implanted, the doping atom/impurity must be ionised by heating giving:
B+ AE, — B™ + (+q)

The energy AE4 = E4 — Ey in the equation represents the amount of energy required to ionise the boron atom. In
other words, it is the amount of energy required to bring an electron from the valence band to the extrinsic energy level
E 4. The boron atom will be ionised, become negatively charged (as it accepted one extra electron) and the electron will
leave a free hole in the valence band of the silicon.

Hence, in that case, the excess carriers will be holes and the dominating currents in the material will be hole currents.
Indeed n << p. The activation energy for boron being of 0.045 eV, meaning that all of the boron impurities are naturally
ionised at 300k (E = kT = 26 meV @300K). If one considers that all acceptors have been ionised (N4 = N, with Ny
the acceptor concentration and N, the ionised acceptor concentration), the hole concentration will be given by:

p= %[NA + /N3 + 4n?] (2.13)

N doping

Here the ionised implanted impurities must be able to release one electron. A common N doping atom being phosphorus.
Like in P doping, once implanted, the neutral impurities will bring an extrinsic level of energy Fp and upon heating will
lead to the following:

P+ AE, — PT + (—q)
The energy AEp = Ec—Ep is the energy required for the excess electron of phosphorus to jump from the extrinsic energy
level, become almost free and reach the conduction band, leaving behind a fixed positive charge. The excess charge carrier

will, in this case, be electrons in the conduction band and their concentration, assuming complete ionisation (Np = NB
with Np the donor concentration and Ng the ionised donor concentration), is given by:

1
n=y [Np + 1/ N} + 4n?] (2.14)

General considerations

Figure 18 illustrates the doping of silicon. One can see that a doping atom replaces a silicon atom in the lattice upon
heating. One important thing to mention is that the intrinsic Fermi level of the crystal will shift up or down as a function
of the dopant species following;:
E; if intrinsic crystal
E=4qFEp—KTlog2 if N doped (2.15)
Eas+ KTlog2 if P doped

which is defined as the effective energy level. This quantity being used to give a common Fermi-Dirac distribution

whatever the type of doping:
1
E) — 2.16
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Also note that, even if heavily doped (> 10%!) [cm] ), since each mobile charge carrier is associated with a fixed opposite
charge in the lattice, the crystal remains neutral:

P+Nj=n+N,

Finally, the concentration in charge carriers of a doped crystal is in general much higher than the intrinsic carrier
concentration: ~ 1019 VS [1017;102!] atoms [cm] 3.

E | | | =
- Bande de conduction — @ _ @ _ @ —
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®
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Figure 18: P doping (Left) and N doping (Right). Illustration from [35]

2.1.2 The concept of effective mass and carrier mobility

One final consideration before looking into the impact of strain on the electrical properties of silicon is to mention
the existence of a concept called the effective mass. The effective mass is a mathematical construct designed to easily
study the impact of external forces (electric field for instance) applied on an almost free electron inside a crystal lattice.
The theorem is developed around the assumption that the externally applied forces do not vary much over the length of
one crystal period and are weak compared to the internal crystallographic forces. These assumptions allow us to develop
the theorem without going back to the Schrédinger equation.

Let’s consider a force F' applied on an electron. One can link the variation of the electron energy to the applied work:
dE = F.v,dt (2.17)

where v, is the group speed of the electron. Considering that the group speed of the electron is a function of its energy
state:

_ 1 -
Ug(k) = ﬁgrad,;En(k) (2.18)
one can rewrite the previous expression as:
dE 1 -

dk -
From here, by noting ha = F', one can derive a cousin of the classical expression F' = ma:

dog 1 - - du,
E_(m*)F@F_m pn (2.20)
where
7 (2.21)
 d’E ’
dk?

is the 1D definition of the effective mass of the electron. One can see from these expressions that the effective mass
theorem allows us to manipulate the electrons in the lattice as free particles on which a force is applied.

The effective mass can hence be defined negatively or infinitely since it is a function of the second derivative of the
energy state of the electron. The fact that it can be defined negatively is also the reason why the notion of positive hole
has been introduced. A hole being a mobile positive charge carrier with a charge opposite to the one of the electron.
It essentially is a lack of electron. The effective mass of a hole is defined in the same way as the effective mass of an
electron, but with a minus sign to make the equation F' = ma work.
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The concept of effective mass also allows to define the mobility of the charge carriers. Let’s go back to the equation
expressing the motion of an electron. Considering that an external electric field E is applied, we get (—q the charge of
the electron):

dv _
my, = i —qF (2.22)
Integrating this equation and solving it for v, one can get an expression for the group speed. Since the motion is induced
by an external field, we will call it the drift speed. Without going into the details of the calculation of this particular

solution and jumping directly to the result, one can write down the drift speed of the charge carriers as:

Vi = —pn ks and Vd,p = p

&

(2.23)

qTp

where p, = — and p, = 47
m

— are the hole and electron mobility,
n

respectively, expressed in cm?/(Vs). They are a function of the mean J_n = —qnUqn = qn,tan

free path of the carrier that is a function of both the temperature and Jp = qpU4p = qpup E (2.24)
the doping level (more thermal agitation or more impurities leads to o = q(np, + ppy)

more collisions) and of the effective mass.

The mobility of the charge carrier has a direct impact on the current density and the resistivity of a material as expressed
by Equation 2.24.

2.2 The use of silicon in optoelectronics

This section is drafted based on [35, 38]. Other sources will be mentioned explicitly

Silicon has been used for years to build photodetectors. The prin-
ciple behind photodetection (that one might define as the generation
of an electrical current in a crystal when exposed to light) relies on
the generation of an electron that will jump from the valence band to
the conduction band upon reception of energy from a photon.

This photogeneration is however possible only if the incident photon
provides enough energy to the electron. The energy of the incident
light being given by:

Energy (eV)

E = hv (2.25)

Where h = 4.135 x 10715 [eV/Hz] is the Planck constant and v is
the frequency of the incident light. In the case of silicon, the gap
between the valence and conduction band is of 1.12 €V. This implies
that a photon should bring at least this amount of energy to enable
the electron to cross the bandgap. Hence, silicon should be able to

Figure 19: Indirect and direct transition in sili-
con. Illustration from [33]

detect light with a wavelength of maximum (with C' as the speed of Highest Enegy Vo o) Lowet Energy
light): ’
1.2V <hv e A< — =11 2.26
V) < hw & A< i = 1) (2.26)
The exact phenomenon that occurs when a photon with sufficient en-
ergy arrives in the crystal and excites an electron depends on the type e

=— Frequency (s")

of bandgap of the material. Indeed two types are possible and are
defined as a function of the crystal momentum: Ppysial = Ak.

~—— Wavelength (ym) ——

N MWIR IWIR
This crystal momentum represents the momentum of the electrons in s 1 503 5 8 1

a crystal lattice. This means that, as one can see in the equation,
the momentum will be a function of the wave vector k. As in classic
mechanics, this momentum must be preserved and this explains the
origin of the different types of bandgap in different materials:

Figure 20: Light spectrum and the place of in-
frared. Image by Honour Optics Co.

x Direct bandgap materials: In this case, the k-vectors of electrons and holes are the same in the conduction
and the valence band. This means that an electron can jump directly from the valence to the conduction band
without any changes of the crystal momentum. The transition is direct and occurs when a photon arrives and gives
enough energy to an electron to jump across the bandgap (1.12 €V for silicon). An example of a direct bandgap
material would be amorphous silicon. The left part of Figure 21 shows a direct transition between the valance and
conduction bands. No change in crystal momentum.
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x Indirect bandgap materials: In this case, there is a variation of the crystal momentum between the minimum
energy state of the conduction band and the maximum energy state of the valence band coming from a difference
in their wave vectors. This means that a direct transition of an electron across the bandgap is not possible without
violating the conservation of momentum. For this transition to occur, a phonon must be emitted or absorbed by
the electron. This phonon represents an exchange of momenta between the crystal lattice and the electron and
allows to conserve the total momentum of the crystal. The transition can be seen as carried out in two steps: first
a vertical transition for the energy level of the electron to increase. It ends up at the correct energy level but with
the wrong momentum. Then an exchange of momenta with the lattice resulting in an horizontal shift bringing
it to the conduction band. This is shown in Figure 21 (right). This indirect photogeneration dominates for light
with an incident energy above the fundamental bandgap of silicon. However, even in an indirect material, direct
transitions can occur between part of the energy band that have the same k-vectors. In the case of silicon, this
direct transition at a constant momentum is possible for photons of energy above 3.2 e€V: the direct bandgap of
monocrystalline silicon. When the incident energy is above 3.2 eV the absorption rate increases. Both direct and
indirect transitions in silicon are illustrated on Figure 19.

The difference between the direct and indirect transition is a further explanation on why amorphous silicon is used for
thin solar array. Indeed, since a-Si features a direct bandgap, it absorbs light better than its counterpart mono-Si and
can hence be thinner. The mono-Si built solar arrays being indeed much thicker (in the hundred of microns range)[36].
In this thesis the focus will mainly be on the indirect bandgap type mono-Si. For this type of material one can define
define the absorption level « as:

(Bx — Ey — Epn)?

Oz(EA) =P H(E)\ — Eg + Eph) +

Ex — By + Epn)?
(Ex — Ey + Epn) gy H(E = By~ Fy) (2.27)

Epn

— — 1—exp——+

kT P

where we have P a constant function of the material, F/; the fundamental bandgap, E, the energy of the phonon and
H(x) the Heaviside step function. This step function allowing to write in a single equation the absorption (left part) and
emission (right part) of a phonon. One can read from this equation that the absorption coefficient is small for energy
values below the fundamental bandgap of a material, which is what we expected.
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Figure 21: Direct vs indirect bandgap electron transition [36]

Going back to some more straightforward considerations, silicon is able to detect (with its 1.12 eV bandgap) most of the
visible light and even a bit of the infrared spectrum stopping at the beginning of what is called the SWIR range.

Short Wave Infrared is defined as the region of the infrared spectrum located in the [0.9-2.5] pm range as shown in
Figure 20. Infrared sensor find many applications in high contrast photography, lidar imaging systems for autonomous
vehicles or to allow for quick inspection of the interior of an object. Indeed, some plastics are transparent to SWIR
enabling us to look inside a container without opening it, for example.

The issue however, is that this [0.9-2.5] pm interval means that the incident energy of photons will be comprised between
[1.36-0.49] €V. So, even if small detection of the beginning of the SWIR, spectrum is possible, deeper detection will not
be possible with silicon. Indeed, other materials such as InGaAs are today being used to detect this specific range of
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wavelength but they have the inconvenient of being expensive to produce since they are incompatible with classical
CMOS processing techniques.

This is where strain engineering enters the playground. Indeed, as we will see in the following section, the application
of strain to silicon allows to modify its energy band structure in a way that leads to a decrease of the bandgap and an
increase of carrier mobility (Drude model). This leads to an effective improvement of the detection coefficient o as well
as an increase of the cut-off wavelength of silicon (wavelength past which the absorption coefficient is below 1 [cm]~1).

2.3 Impact of strain on the electrical properties

Let’s now consider that a uniaxial strain is applied along two different orientations of the crystal: [110] and [111].
When strain is applied on a material, one can write the strain deformation tensors as follows:

1 (6J_+€H) (GJ_—EH) 0 1 (6J_+2€H) (EJ_—GH) (EJ_—GH)
Ej110) = 3 (ex+e) (ex—¢) O and Epiy =5 | (e —¢p)  (ex+2¢) (e —¢p) (2.28)
0 2€ (GJ_—C”) (GJ_—GH) (GJ_+2€||)

which represent the deformation that happens in the crystal upon the application of strain. As one can see from
both these tensors, the impact of an external force along a single direction will generate a biaxial deformation of the
crystallographic structure. This is the reason why two components are present: ¢ which is the strain along the direction
of the applied force and e; which is the induced deformation of the crystal lattice along the direction perpendicular to
the applied force. This induced perpendicular deformation is proportional to the parallel one and can be described as:
€1 = —Dyji€) where Dy is function of a combination of the elastic constants C' of silicon (anisotropic quantities).
From these two matrices one can already see that the crystal will not deform in the same way depending on the orientation
of the applied deformation. We can hence anticipate that the electrical and optical properties will also depend on the
crystallographic orientation and on the orientation of the applied strain.

The impact of this strain has been analysed in [33] which relies on numerical simulations that go way beyond the topic of
this thesis. Furthermore, the paper takes a deep look into the impact of strain on different valleys of the band structure.
Let’s make here a summary to highlight the main effects.

2.3.1 Impact on the band structure

Upon the application of a force on the crystal, the shape of the lattice will be impacted. As we know, the band
structure of a material is highly influenced by the crystal configuration and periodicity. Hence, straining the lattice will
lead to a modification of the electronic bands and might hence impact the bandgap.

This is indeed what happens in simulations. As one can see in Figure 23 (a.) and (b.) the bandgap decreases for both a
tensile and compressive strain and for the two studied crystallographic orientations.

The effect is however not of the same magnitude since for the [110] case the reduction of the fundamental bandgap is
of —0.11 eV /% for compressive and tensile strain while in the [111] the reduction is of -0.10 eV/% for compressive and
-0.05 eV /% for tensile strain (up to +2% of strain).

Note that this effect of the reduction of the bandgap was also modeled by Ajit K. Katiyar and his team in [1]. In this
paper a biaxial strain is applied on a matrix of 10 nm thick silicon pixels (PN junction photodetectors). They computed
a reduction of the bandgap to 0.92 eV for a 1.8% level of strain and a bandgap of 0.76 eV for a strain of 3%. These
bandgaps enabling, in theory, the detection of SWIR light up to a wavelength of 1.63 pm. The reduction of the bandgap
is illustrated in Figure 22.

2.3.2 Impact on the effective mass

Since the electronic band structure of silicon is modified, an impact on the effective mass is expected following the
discussion made in subsubsection 2.1.2. Indeed, since the effective mass depends on the second derivative of the energy
state of the carrier, a modification of the shape of these bands will lead to an impact on the effective masses. This impact
is shown in Figure 23 (c.) and (d.) for the valence band.

This change of effective mass comes, as was said, from the modification of the shape of the energy bands. In the case of
the conduction band, the shape does not change much and this leads to a negligible modification of the effective masses.
However, this is not the case for the valence band.

Upon the application of strain, the shape of the valence band changes 'a lot". The band transitioning from a non-
parabolic and anisotropic shape to a parabolic one. This modification leads to a considerable reduction of the effective
masses in the valence band for both a compressive and tensile strain applied along the [110] direction. The effect is also
non-negligible for a compressive strain along the [111] direction, but is for a tensile one.
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Figure 22: Impact of biaxial strain on the bandgap of 10 nm thick silicon pixels. Illustration from [1]
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Figure 23: Impact of strain on the properties of silicon. (a.),(b.): Modification of the bandgap as a function of strain
in the [110] and [111] directions, respectively. (c.),(d.): Modification of the effective mass as a function of the strain in
the [110] and [111] directions, respectively. (e.),(f.): Modification of the cutoff wavelength as a function of the strain in
the [110] and [111] direction respectively. These plots where given in an excellent article by Roisin N. [33]

These reductions will lead to an increase in carrier mobility if one relies on the math of subsubsection 2.1.2, which will
in turn lead to an increase in device speed and performance.

2.3.3 Absorption coefficient

Combining the effects of the modification of the bandgap and effective masses, one can compute the variation of the
absorption coefficient (the impact of the modification of the phonon frequency was found to be minor in [1] and is left
here to the side). Again, Figure 23 (e.) and (f.) can be used as illustration.

On this plot, one can find not only the initial absorption limit of relaxed silicon (around 1.1 pm as one could expect),
but also the absorption coefficient as a function of the strain for both crystallographic orientations.

For both orientations, a compressive strain leads to a considerable improvement of the cutoff wavelength of silicon, which
is extended from 1.1 pm up to 1.35 pm for a 2% strain. Good performances are also obtained in the case of a tensile
strain in the [110] direction but minimal improvements are observed for tensile strain in the [111] direction.

All in all, these results show that a considerable improvement of the cut-off wavelength is possible upon the application
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of strain, allowing for detection of light in the SWIR region of the spectrum (recall: SWIR=[0.9-1.7] nym. Reached
absorption in relaxed silicon = 1.1 pm. Reached absorption upon strain = 1.35 pm).

This improvement also means that thinner (and hence more flexible) silicon could be used for photodetection. Indeed,
upon thinning, silicon becomes more and more transparent leading to a decrease of the absorption coefficient. This
coefficient could be brought back up by applying strain. Furthermore, the thinner the silicon, the more compliant it
gets hence allowing for higher strain levels. In an nutshell, one could compensate the downside of thinning by applying
strain. One effect compensating the other.

2.4 Experimental validation of the impact of strain

This section is drafted based on [1]. Other sources will be mentioned explicitly

Now that the theoretical side of things has been cov- S ainig n 6650t arry Damomeric
ered, let’s look at an actual test setup serving as an at- sor \
tempt to measure photo-currents under SWIR, illumina- h ‘ - . CW
tion. In an article called "Breaking the absorption limit \/ v
of silicon toward SWIR wavelength range via strain engi- T e e P !

neering'[1] by Ajit K. Katiyar and his team, a 6x6 PN ..,m...m

silicon pixel array was built on top of a flexible polyimide -

layer. This configuration allowing for the structure to be

pressurised and illuminated with different wavelengths to

measure the impact of pressure (and hence strain) on the S —
absorption limit of silicon. Let’s start by looking at the = ‘
device built.

2.4.1 Fabrication process and membrane presen-
tation

As was said in the introduction of this section, the fab-
ricated device consists of an array of 6x6 silicon pixels built
on top of a polyimide layer. The approach that was taken
by the research team is the one of thin silicon allowing
them to reach high levels of strain in the material with-
out reaching a critical stress level in the silicon that would
make it break (maximal stress before breaking for mono-Si
is 7 GPa). Since the goal is here to induce a high level of
strain in the material, the choice of polyimide is also not
an accident. Indeed, as presented in subsubsection 1.3.2, R
polyimide features a Young’s modulus of around 2.5 GPa s
meaning that the integrated silicon pixels will deform with E : ¥ K
it, which is the goal. ’

Figure 24: Fabrication process and final device (6x6 10 nm
thick silicon PN pixels). Hlustration by [1]

In addition, one can see in Figure 24, that the flexible
interconnect approach was used. The inspiration for this l—£|_ :
comes from [37] by R. Verplancke and his team. Without a1

going too much into detail, the team was able to build a el
set of flexible gold wires in the form of a horseshoe. This

shape allowing the wiring to act like a spring and reversible = Figure 25: Horseshoe wire design by [37]. Illustration by [37]
strain of up to 100% were demonstrated.

Remembering what was said earlier in this state of the art,
one might say that this approach is a mix between the island technique and thin film one. The final configuration allowing
to build large membranes that should be able to deflect in a reversible way without breaking.

In terms of design, the silicon pixels are all individually addressed and the spacing between them (280 nm) was decided
in order to be able to fit the wiring. The addressability as well as the number (6x6=36 PN pixels per membrane) of pixels
comes from the fact that the research team wanted to use the membrane as complete photodetectors, hence requiring
the ability to measure the photocurrents generated by each pixel individually. In addition, having individually connected
pixels allows for a mapping of the levels of strain in different regions of the membrane.

The pixels themselves measure 20x20 pm and are packed at the center of a large membrane of 17 mm in diameter in a
1.25x1.25 mm square. It is worth noting that the 17 mm in diameter membrane is a rather unconventional size for a
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membrane in the world of micro- and nanofabrication. Indeed, typical membranes are in the pm to 1 mm order. Such a
large membrane is possible since it is built out of a thick polyimide layer membrane (>5pm), which is possibly doubled
by commercial kapton (the article does not mention this). Note however, that a membrane of this size allows for a large
deflection and hence a high induced strain in the silicon pixels.

In terms of process, due to the 10 nm thickness of the used active silicon, innovative techniques had to be used. Here
is a presentation of the possibly used process based on the image provided by [1] and on the few details given in the
article®:

1. Thinning the active silicon from SOI wafer: The pixels are built from lightly p-doped <100> monocrystalline
silicon. The initial wafer was a standard SOI that went through a series of thinning step to get to the desired
10 nm thickness of the top silicon. The used process is a succession of thermal oxidation (see ?? followed by wet
etching (section 6) of the silicon dioxide. The used oxidation technique is probably a dry process since the team
reports that they can reduce the thickness of silicon using the oxidation/wet etch combination with a precision of
0.7 nm.

2. Pixel patterning: The pixels were then patterned using a conventional lithographic process followed by Reactive
Ton Etching (section 7).

3. Pixel stamping: In order to transfer the pixels to the polyimide membrane, the team of researchers decided to
use an elastomeric stamping process. What they did was to cover the pixel array by a film of PDMS before etching
away the bulk and BOX of the SOI wafer. This is made possible for two reasons:

x Selectivity: According to [38], PDMS can be etched away using a 30% concentrated KOH solution, but must
first be bombarded by protons to make it soluble to KOH. Since this is not the case here, the PDMS should
not be etched by KOH. Furthermore, the etch rate of PDMS in BHF is of approximately 32 nm/min ([39])
whereas an unmasked layer of silicon dioxide can reach etching rates of up to 1 pm/min [40].

* The second reason is the thickness of all the layers. For instance, as far as we know, the BOX layer might be
thin in comparison with the thickness of the elastomeric stamp.

4. Transfer on polyimide: The most known form of polyimide is the cured industrial Kapton tape. However, this
material exists in the form of a precursor where the polymer is dissolved in a carrier. This allows the material to be
spin coated as a photoresist with a desired thickness according to the spin curve. Examples of such a product are
the PI12545 or P12611 by microchemicals. Once spin coated on a new wafer a soft bake was done to partially cure
the polyimide and the pixels were laid down on it using the PDMS carrier. With the "sandwich" being complete,
the entire assembly was baked for 5 more minutes in order to promote the adhesion of the silicon to the polyimide.
Once done, the PDMS layer can be peeled and disposed of. The polyimide/Silicon assembly being baked one last
time at 300°C according to the datasheet to fully cure the polyimide.

5. Flexible wire: Next comes the fabrication of the stretchable wires. This was done by a lift-off process. First,
a layer of resist is patterned via a conventional lithographic process (Positive tone resist with a darkfield, for
example). Metal (Cr/Au in this case) can then be deposited by thermal evaporation (to get a bad step coverage)
before the resist is dissolved, leaving only the desired metallic wires.

6. Final structure release: The final device embedded in polyimide can now been peeled off. To ensure that the
polyimide could be easily delaminated from the substrate several precautions must be taken such as not degassing
the wafer or applying adhesion promoter prior to the polymer spin coating.

2.4.2 Experiments and results

Now that the design and the fabrication process has been introduced, let’s take a look at the experimental setup.
What the team did was to build a custom jig allowing to clamp the polyimide and to put the membrane under pressure
using a flow of nitrogen. The control of the pressure allowing to control the level of strain applied to the silicon pixels.
The pressurisation leads to the bulging of the membrane as can be seen in Figure 24 and Figure 26.

The team proposed multiple tests in the article but we will here focus our attention on two of them.

Ezxperimental measurements of the modification of the photoresponse of silicon as a function of the
wavelength and the pressure

5Doping steps not considered here. The article does not give details on the doping levels beside the intrinsic doping of the initial Si layer
of the SOI wafer
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In this first test, only one pixel of the matrix is connected to perform electrical measurements. The goal of this
experiment is to measure whether or not the strained silicon would really feature an increased detection range extending
in the shortwave infrared.

To this end, the membrane was placed in the pressure testing equipment and was pressurised at different levels between
760 torr (the atmosphere) and 1600 torr (2.1 atmospheres). In addition, for each pressure level, the membrane was
illuminated with light sources ranging from 405 to 1550 nm (the 3.06 to 0.8 €V range).

As one could expect, when no pressure/strain is applied, the silicon does not output any photocurrent for the 1.31 and
1.55 pm of wavelength light sources. Indeed, both these sources feature photons with an incident energy smaller than the
bandgap of relaxed silicon (1.12 eV). However, things start to become interesting when the pressure starts to increase
and the membrane starts to be stressed.

The first thing that one can notice is that the membrane naturally takes a rounded shape ¢ and hence communicates
strain to the silicon pixels. The second one is represented on the plots of Figure 26.

As one can see on this plot by [1], a photocurrent starts to appear for illuminations above the cutoff wavelength of silicon
when the strain starts to increase. The studied paper even reports detection of SWIR light all the way up to the 1.55
pm wavelength. This demonstration illustrates that the theory of the impact of strain is correct. Upon modification of
the crystal lattice, the bandgap of silicon shrinks allowing for photodetection in the SWIR region. Furthermore, still on
the same plot, one can see that the higher the strain the higher the responsivity. The definition used for the responsivity
being: R, = Ipn/Pin (P is the power of the incident light and I, is the generated photocurrent under a 2V biasing
of the PN junction).

Strain levels up to 3.5% were reached in the silicon pixels as measured using Raman spectroscopy, which in other terms
corresponds to a responsivity of 35 and 4 pA/W for an illumination under 1.31 and 1.55 pm wavelength light sources.
These responsivities in the SWIR region remain low compared to the 44.21 mA /W reported under a 0.98 pm illumination,
but still represent a breakthrough since this detection occurs for an energy 0.32 eV lower than what is normally required
(1.55 pm corresponds to a photon energy of 0.8 eV which is 1.12-0.8=0.32 eV lower than what is normally required to
cross the 1.12 ¢V width forbidden region of silicon).

The responsivity could however be improved by allowing a reduction of strain, hence making the silicon layer thicker and
more opaque to light. Furthermore, a new design could be investigated like having a reflective layer under the silicon
pixel, allowing the light to bounce back into the pixel.

Use of the membrane as a low resolution camera in the SWIR region

Now that a successful demonstration of breaking the absorption limit of silicon has been demonstrated, the team
went ahead and devised a test setup to try to measure a shape using the pixel array. The test setup is illustrated in
Figure 27. The idea is to shine a beam of 1.31 nm wavelength at a shadow mask that would allow light to pass through
a Y shaped opening.

As one could expect, the shape does not imprint on the detector when the pixels are not strained. However, at a strain
level of 1.8% (1200 torr), the image starts to become visible and only gets clearer as we reach the top pressure of 1600
torr (max strain of 3.5%). The illustration of the figure is a mapping of the generated photocurrent.

2.5 Bottom line

From all that has been presented in this (rather long) state of the art, we understand the numerous possibilities
offered by the flexible electronics paradigm as an all. From here on however, the focus will stay on the topic of strain
engineering and the work will follow the path of the paper that was just presented. The rest of this thesis will indeed
showcase a design and microfabrication process that was undergone in order to build a matrix of strained silicon pixel
inspired from the just presented article (this article might be called the "reference article” for the remainder of this
thesis).

6Note that this rounded shape is a gimmick of a human eye. This non-planar detector is of interest in many optical applications since
it would avoid the need to correct for the distortion induced by conventional planar CMOS photodetectors. The study of the impact of the
shape of the membrane is one of the experiments made by the research group of [1] and is left to the reader’s curiosity.
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Figure 26: Modification of the photoresponse of silicon as a function of the wavelength and the pressure.
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Figure 27: Use of the strained silicon pixel matrix as a camera in the SWIR region. Illustration from [1]
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Part II
Design choices and presentation

Now that the situation has been assessed and that the main reference article has been studied, let’s take a look at the
design proposed in the thesis. This part of the document will focus on the design itself of the photodetector array and
not on the process. The process aspect of the work will be discussed later on in Part IV. This section will hence describe
the work that was undertaken to draw the lithography mask we had to buy to start our process. The illustrations
available in this section will, for the most part, be screenshots taken from the freely available mask drawing software
KLayout. The way masks are used will be discussed in the process part of this document. Obviously the preparation of
a microfabrication process and the drawing of masks is done concurrently in practice since one can influence the other,
but here we will separate the design from the process for the sake of clarity.

In this section of the document all the design choices that are "independent" of the process will be discussed. This includes
the general dimensions and arrangement of the structures, the design of the arrays and the pixel themselves, the design
of the wiring and more. These design discussions will therefore be the opportunity to present numerical simulations to
back certain decisions on the thickness and sizes of the membranes (Comsol) and on the doping level of the pixels.

Since the basic design principles were strongly inspired by the main reference article used as a foundation for this work
([1]), parallels will be made in order to compare the final structures. Differences and similarities will hence be showcased
here.

1 Design requirement

The first thing to do before jumping into the decisions we took was to lay down the requirements of our structures.

x Build a photodetector out of silicon on a flexible substrate to measure the impact of an applied strain on the optical
performance of doped silicon

* Build different sized membranes to see the impact over the total deflection under pressure, measure the difference

of stress transferred to the silicon pixels and increase the chance of having one sized membrane not breaking under

the applied strain

Build different versions of the pixels: NIN, PIN, plain N doped resistors and plain P doped resistors

Have rectangular membranes to be bent in the four point bender and circular ones to be put under pressure.

Have the pixel aligned along different crystallographic orientations

Design in order to maximise the amount of tests doable with a complete processed wafer

EE R

2 General description of the final device

Before looking at each design decision in the dedicated sections, let’s take a step back to look at the general design.
We propose a set of membranes, either rectangular or circular, made out of a flexible polymer (polyimide in our case”).
These membranes carry silicon pixels designed to work as strained controlled photodetectors. Each membrane, be it
circular or rectangular, will form a die at the end of the process and a total of 27 dies are produced per wafer. Each of
them features the following general elements:

* A membrane: The membrane, made out of a thin polyimide film, is what allows the final device to be flexible.
The complete structures and substructure elements (wires, pixels and so on) are embedded in this polymer for
later use and characterisation. Note that, initially, the structures are built on standard SOI wafer and that the
polymerisation part and membrane release only comes at the end of the process. This means that the wafer can
be diced once the structures are complete and that the dies can be stored for long periods of times before the
membrane is released by etching the back of the wafer. This allows to easily store the samples without needing
careful packaging to prevent damaging the structures/membranes. This will be further explained in Part IV of this
document.

* Silicon pixels: Carried on the membrane are silicon pixels built out of 300 [nm] thick mono- or polycrystalline
silicon. These pixels are doped to form PN or NPN junctions creating the photodetectors. Putting them on a
flexible membrane will allow to perform strain engineering to tune their optical performances later on.

+x Large metallic pads: These pads will be used to perform wire bounding or to probe the devices during the
characterisation and testing phase.

7Also called PI
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x Stretchable electrical traces: These traces are only featured on the circular membranes. They are designed in
a "horseshoe" shape to allow them to stretch and not brake once the membrane is put under pressure.

*+ Naming convention: As one can observe in Figure 28, each die features different substructures. Hence, each of
them is labelled to ease the characterisation process and to classify them. The naming convention will be discussed
later.

The general dimensions of the final dies and the different features listed here above are illustrated in Figure 28. If one
wanted to give a quick description of the produced structure one could describe them as: Arrays of photodetectors on
a polyimide thin flexible membrane. However, as we will now see in the rest of this section, different variations of the
structures coexist on a single wafer to allow maximising the number of different tests one could carry out using a single
processed wafer. The reason for such a large variety of different designs is the prohibitive cost of microfabrication.

lcm 1.2cm

Substructure marking

/—> Electrical contact

Membrane

wo 0

o
LSiIicon traces

Contact pads and name of substructure

Central biaxial pixel array
Pixel arrays

Membrane dimensions
and pixel design

(1): Structure denomination (NIN, PI, ...) may be inconsistent since new masks
were added/designed after the initial order. NIN/PI became NPN/PN and .
intrinsic resistor became P doped Stretchable wire
(2): Due to a misunderstanding during the design process we propose
only PN structures and not PIN which would have made a better

photodetector

Border uniaxial pixel array

Figure 28: General presentation of the designs. (a.) Membrane for bending (compatible with SP1 process (see Part IV))
(b.) Membrane to be put under pressure (compatible with SP2 process (see Part IV as well))

3 Pixel design

Let’s start the design of our structures by looking into the pixel themselves. The pixels featured in this work are
of three types: P doped resistors, PN junctions and NPN junctions. They are build from SOI wafers that have a
monocrystalline silicon top layer of 300 nm. This thickness was decided simply due to its availability in Winfab. In
addition, it would have been risky to handle thinner layers of silicon here at the Winfab especially considering my low
level of expertise at the beginning of the thesis. In addition, one might remember the oxidation and wet etching process
used in the reference article to reduce the thickness of the top silicon. This technique was not used here since the
procedure was not really known by the UCLouvain cleanroom staff and would have taken a considerable amount of time
to implement. It was then decided, very early on in the design process, to base the work on SOI wafers featuring a top
silicon layer of 300 nm and an initial doping level of 10'® atoms per [cm]73. It was believed from the beginning that
a large membrane with pixels larger than the one featured in the reference work would be strained to a sufficient level
to, I quote, "At least see something as a proof of concept’. We expected that half a percent of deformation could be
achieved using the design explained below. This level of expected deformation will be challenged by the simulations done
in Comsol in subsubsection 5.3.2.

3.1 The three type of pixels

As was said, three types of pixels are proposed: NPN, PN and resistors (either P or N doped). The design of the
resistors is straightforward: they have the same dimensions as the PN and NPN junctions, but only have one type of
doping. The level of doping being the same as the P and N levels of the NPN junctions. They will be used to measure
the impact of strain on the resistivity. We expect this level to decrease due to the reduction of effective mass and hence
increased mobility.

The design of the diodes and transistors however requires a bit more explanation.
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3.1.1 The use of PIN and NIN structures as photodetectors
This section is drafted based on [35, 41, 42]. Other sources will be mentioned explicitly

The state of the art showed that illuminated silicon (under the correct wavelength if relaxed) can generate a pho-
tocurrent. However, using a simple piece of undoped silicon proves to be rather inefficient. Hence, devices have been
devised to harness the photogeneration capabilities of silicon and improve the charge generation and charge collection.
The two most common types of devices are the PIN and NIN junctions as illustrated in Figure 29. Let’s start with the
PIN.

The PN and PIN junctions

A PIN junction is designed by putting side by side a P-doped, an intrinsic and a N-doped region. It can operate in
three different modes: photovoltaic, photoconductive or avalanche.

*x Photovoltaic mode: In this mode, the diode is not connected to any external source and is hence unbiased. Upon
illumination, carriers will be generated, as was seen in the state of the art, in the intrinsic region. Since the device
is built as a PN junction, the presence of an internal electric field between the doped region will cause the charges
(holes and electrons) to be collected in the P and N regions of the photodiode (holes collected in the P regions and
the electrons in the N region since the field goes from N to P). This will generate a voltage at the terminals of the
diode. This effect is the one used in photovoltaic cells.

* Photoconductive mode: In this case the diode must be reverse biased (application of a positive voltage on the
cathode and a negative voltage on the anode). This reverse bias will increase the naturally present electric field
between the N and P regions. This will lead to the increase of the depletion region between the P and N regions.
The generated charge will hence have more chance to travel to the cathode and anode to be collected before being
recombined in the lattice. One could say that this reverse bias increases the diffusion length of the charge carriers.
They can travel further without recombining.

x Avalanche mode: If the reverse bias is increased compared to the the previous mode, the diode enters in the
avalanche operating mode. This will lead to an increase in the generated photocurrent due to the breakdown of
the diode. However, the exact phenomenon behind the avalanche mode is out of the scope of this thesis.

Note that here (and in Figure 29) the operation of a PIN junction is demonstrated. However, a classical PN junction can
also be used as a photodetector but with worse performances. Indeed, as was seen in the state of the art, the generation
of charge carrier upon illumination of silicon is an intrinsic process. This means that it does not depend on the dopant
concentration. The doping of the P and N region offers the ability for the device to collect the charges more effectively.
The issue with a PN junction, compared to the PIN, is that the generated carriers will have to travel a given distance in
potentially highly doped regions before reaching the metallic contact pad. The high concentration of impurities reduces
the diffusion length of the carrier by increasing the probability of them recombining before collection.

NIN junctions

In this case, the photodetector is built as a BJT transistor. As in the case of PIN, these kinds of photodetectors can
exist in the form of an NPN with the same drawback as for the PN VS PIN case. Let’s hence focus on the NIN case.

During operation, the collector is connected to a supply voltage and the output of the device will be on the emitter.
The difference with conventional BJTs is that the current coming from the base is the result of photogenerated charges
created upon its illumination. The advantage of phototransistors is that we benefit from the intrinsic gain S of the
transistor as in a conventional BJT with: I, = 1. Since this intrinsic gain is often in the region of 5 = 50 one can see
that an NIN/NPN photodetector will provide the output current with natural amplification.

Note that in both the NIN and PIN cases the intrinsic region is designed to be large so that the amount of generated
charges is maximised. This increase in dimension is the width of the photodevice (the 100 pm dimension in our case
as depicted in section 3) and not the length of the region between the two N (in the NIN case) or between the N and
P regions (in the PIN case). Indeed, the length of this intrinsic region must be chosen to be smaller than the diffusion
length of the carriers in order for them to be able to be collected before recombining.
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Figure 29: Schematic and operation of a PIN photodiode (illustration from [41]) and representation of a phototransistor
(illustration from [42])

3.1.2 Type of photodevice for this master thesis

From what was just explained one can understand that the most efficient structures for photodetection would either
be an NIN or a PIN kind of device. This is indeed true since they showcase better performances than conventional PN
and NPN devices. This kind of configuration was the one that should have been chosen for this work, but a mistake was
made.

As we will see later, six photolithographic masks come into play in this work. However, initially, only five were ordered.
The initial plan was to build NIN transistors and NI junctions. But this design was problematic since that would mean
that some of the metallic contacts would have been put directly on undoped silicon which would have resulted in the
creation of a Schottky barrier and hence a bad electrical contact.

Schottky and ohmic contact

This section is drafted based on [48]. Other sources will be mentioned explicitly

As was seen in the state of the art, the doping of a semiconductor changes the Fermi level of a semiconductor. This
level could either be shifted up in the case of an N-type semiconductor (hence closer to the conduction band) or down
for a P-type semiconductor (hence closer to the valence band). This means that what we call the work function will not
be the same for N- and P-type materials.

The work function is defined as the amount of energy required to extract an electron from a given material. From this
definition, two types of contact arise: the Schottky or Ohmic contacts:

x Schottky contact: This type of contact appears when the work function of the metal is higher than the work
function of the semiconductor (@, > Psemi). To illustrate this let’s look at Figure 30 (c.) where metal is used to
contact a lightly doped N-type semiconductor. When the two materials are put in contact, the Fermi levels must
align. In this case, the electrons in the conduction band of the semiconductor will flow to the metal to occupy
the empty energy state in the metal above the Fermi level. This flow of electrons is possible because the energy
level of the conduction band of the N-type material is higher than the highest energy level in the metal. These
electrons leaving the semiconductor will leave behind fixed positive charges creating a depletion region or in other
words: a diode. An electric field is created between the metal and the semiconductor and the energy band of the
semiconductor curls up in the direction of the electric field. This creates a potential @5 that the electron must
overcome to go back into the semiconductor, which is not possible without the application of an external field.
The flow of electrons without biasing the junction is hence impossible. A solution to avoid getting this Schottky
diode is to heavily N-dope the material. The metal will be able to suck some mobile carriers but not all. This high
doping level will reduce the length of the depletion region but not its height. The carrier being able to pass by
tunneling effect through the barrier (but not above).

* Ohmic contact: In this case we have @, < @Psemi. This type of contact, illustrated in Figure 30 (d.) occurs
(for example) between a P-doped material and a metal. In this case, since the work function of the semiconductor
is lower than the one of the metal, the energy level of the conduction band is lower than the energy level of the
electrons in the metal. This leads to a natural migration of electrons from the metal to the lower energy level of
the conduction band of the semiconductor. The region near the interface sees an accumulation of mobile carriers,
which in turn reduces the resistivity of the junction and hence creates an Ohmic contact that features the same
linear behavior as a resistor.
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Figure 30: Impact on the energy band of putting a metal in contact with a semiconductor (a.) Fermi level of N-doped
silicon (b.) Fermi level of P-doped silicon (c.) Schottky barrier between a metal and N-doped silicon (d.) Ohmic
contact between a metal an P-doped silicon. Illustration from [43]

The solution, the mistake and the final photodevices

As was said, the initial plan was to go for NIN and NI
junctions. From the beginning, the N-doping was set to Different pixel designs: NPN, PN and R (n and p)
be at saturation (> 10%! phosphorus atoms per [cm]?) { N l

60 um

(D]

hence a good contact was predicted by tunneling effect.
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sistors are not even contacted.

The issue with this design error is that no more intrin- Figure 31: Different pixel designs namely NPN, PN and R,
sic region exists which, as we saw, makes for worse pho- and R,, with the location of their dedicated structures on
todetectors compared to the ones that feature an intrinsic the wafer. The rectangular dies carry all the pixel designs
region. with alternative dimensions. For the NPN and PN devices
on circular membranes (hence with standard and fixed di-

The configurations, in terms of doping, of our pixels are
mensions), all N region are of 15 pm in length and the P

shown in section 3 and in Figure 32. As one can see, the o
pixels are of the NPN and PN type (+ P and N plain €801 18 of 30 pm.

doped resistors). The location of each pixel design on the wafer is shown using the color scheme. Note also that in
addition to the standard dimensions of the pixels featured on the membrane, each rectangular strip has a variety of size
of the P region for both the NPN and PN junctions.

The dimensions of the pixels result from a compromise between having a large enough region to generate carriers upon
illumination, having enough silicon to reach a sufficient level of strain with smaller membranes (see the section about the
membrane size), as well as having a large enough design to avoid needing a high (and hence hard to reach) resolution
during the fabrication process.

The internal dimensions were fixed to be in coherence with the external dimensions. The decision was made early in the
design phase to have the length of the charge generating region to be of 30 pm. Hence, as one can see in section 3, the
dimensions (in length) are: 15/30/15 pm for the NPN stacks and 15/30 pm for the NP stack.

3.2 Doping

Now that the structures for photodetection have been determined, it is time to decide the doping level. The goal of
this section is not to revisit or to repeat the physics behind the doping of a semiconductor, but to look at it in a more
practical sense. Indeed, the dopant concentration will fix many parameters of our device and hence determine the final
performance of our detectors. Let’s take a look at the different challenges one by one before settling on a desired dopant
concentration.

8The I region was not really intrinsic. The SOI used are lightly P-doped (around 1015 boron atoms per [cm]*?’), but this level of doping
would result in a Schottky diode.
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Figure 32: Variation of the length of the P regions of the pixels on the rectangular dies

Note that the numbers given in this section where obtained using an online calculator proposed by the website puvlight-
house. This calculator allows to compute the resistivity and diffusion length of charges inside an N- or P-doped material
for any given concentration of the dopant.

Note that the decision on the doping level of the P-region will be made complicated due to the design error. Indeed,
since all the charge generating regions were in fine drawn to be P-doped, the dopant concentration of those P-region
could not simply be set at saturation level. This will be explained in details here below.

3.2.1 Optical performance

Let’s remember that the ultimate goal of our devices is to act as photodetectors. This means that we want charges
to be generated upon illumination and collected by our metallic contacts.

If the design had been made without any mistakes the photodetectors would have been of the NIN and PIN type. This
would have made the decision on the doping level easy since both the P and N region could have been doped to saturation.
Indeed, the charges would have been generated in an intrinsic region making the probability of them recombining small.
This translates in a long diffusion length of the carrier and hence increases the amount of charges collected in the P and
N region of the NIN or PIN pixels.

However, due to the mistake, the charge generation will occur in a P-doped region. This is problematic since this means
that one cannot simply dope the P region to saturation since that would greatly reduce the diffusion length of the
generated charges.

This means that the doping level of the P-region cannot be set to saturation. In addition, the P-region cannot be left at
their initial? "intrinsic” doping level since this would lead to a high final resistance as well as a Schottky contact. Hence
a compromise has to be made. Let’s start by looking at the diffusion length and depletion length.

Diffusion length of the carrier

The most critical parameter is the diffusion length of our charge carrier. Indeed, it does not matter how many charges
are generated upon illumination, if they all recombine before reaching a metallic contact this is all for nothing. Since the
region tasked with the generation of charges is doomed to be P-doped, a saturation doping level cannot be considered.

Indeed, in practice, when a charge carrier is generated it must still be transported from its generation site to the metallic
contact. On its path the mobile charge might encounter impurities and hence recombine and be annihilated. The length
that a photogenerated charge, be it an electron or a hole, can travel depending on the dopant concentration and can be

9The silicon of the SOI used for the process is doped at a lel5 atoms [cm]~2 level from the factory
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expressed as:
kT kT
L,=+/Dyp with D,=p,— and L,=+/D,7, with D, = p,—
q q

In these equations L, and L,, are the lengths that a charge can travel before recombining. These lengths are function of
the bulk lifetime of the carriers 7 (in seconds) and the diffusion coefficient D expressed in cm? /sec.

(3.1)

The diffusion coefficient is a function of the charge mobility and the temperature. On the other hand, the bulk lifetime 7 is
the parameter which is function of the dopant concentration. This indeed makes sense since the higher the concentration
in impurities, the higher the risk for a charge carrier to run into a recombination site and be destroyed. For example, the
diffusion length of carriers for a P-doped piece of silicon at the 1el5 and 1e21 levels are respectively of 710 and 0.0585
pm. The bulk lifetime of a carrier being much smaller in highly doped silicon.

From here, one can start to understand how we might proceed to determine the maximal doping level allowed for our P
region. Let’s consider the case of the PN junction. Remembering that the P and N regions measure respectively 30 and
15pm, in the worst case scenario, a generated charge should travel 30 pm before being picked up by a metallic contact.
Hence, the diffusion length of the carrier should be of at least 30 pm. This illustrates perfectly why doping our P region
at the 1e21 (saturation) level cannot be considered. Indeed, the 0.0585 pm diffusion length makes it virtually impossible
for the charge to travel 30 pm without recombining. In a nutshell, we want our diffusion length to be larger than the 30
pm of the P region.

In addition, the recombination process follows an exponential law given by:

AX

-1
7 (3.2)

% = [exp

Where 6X is the distance traveled by the generated charge from the generation site and L, is the recombination/diffusion
length. This expression tells us that the percentage of recombination increased dramatically once the traveled distance
starts to exceed the diffusion length. It also shows that recombination is less likely but not impossible for travel distances
shorter than the diffusion length.

It was arbitrarily decided in the design phase of our devices that at least 70% of the charges should be collected.
Considering the worse case scenario where the charges should travel the complete 30 pm through the P-doped region
hence having AX = 30 pm we have:

0% < [eprX]’l@L AX

e >34 |
L ~ In (70%)~1 | Ax —30pm = 34nm (3.3)

From that estimation, and using the previously introduced calculator, one can see that the maximal P-doping level
allowing to achieve this 70% charge collection would be of 1el8 boron atoms per [cm|? (see Table 1). Any doping level
smaller or equal than that should yield a sufficient diffusion length.

Note that the complete discussion here was only concerned with the concentration of boron, without considering the
concentration of the N-type doping atoms. This is because the charges will be generated only in P-type regions and
never in an N-type one. The level of doping of the N regions has no influence on the charge generation and could in
theory be set to saturation which is indeed what we did as we will see later.

lel5 | 1el6 | 1el7 | 1el8 | 1el9 | 1e20 | le21
710 554 344 82 7.8 0.6 | 0.058

Diffusion length
(For boron (P type))

Table 1: Diffusion length in pm as a function of the concentration in boron atoms

Depletion length

When a P and a N region are put into contact, the mobile carriers are going to migrate. The excess electrons from the
donor atoms Np will migrate to the P side and the excess holes from the acceptor electrons will migrate to the N side.
This phenomena occurs spontaneously to equalise the carrier concentration. By this process the energy level will curve
and align. A region called the depletion length is created. This region features a space charge resulting in the creation of
an electric field across the PN junction. This internal electric field is the direct consequence of the created space charge
near the interface. Indeed, the N region will feature a positive charge (depletion in electrons/negative charge carriers)
and the P side a negative charge (depletion in holes). The width of this depletion length is the sum of the depletion
lengths in both the N and P region which are themselves function of the concentration in donors and acceptors:
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These equations make use of what we define as the internal potential or contact potential. This potential is the difference
between the potential "far” in the P and region: @y = @,, — Ppo.It can be computed as:

V) (3.4)

kKT . NuN
By = ——In 7L

; = (3.5)

The study of this depletion length is of interest when creating a photodetector for two reasons. The first one is that this
depletion length must be smaller than the diffusion length of our photogenerated charges to avoid total recombination.
This can be checked by computing the lengths of the depletion length. In our case, considering ¢ = 1.6 * 1072 [C],
€ =eoe, = 8.85 % 10712 % 11.68 = 1.03 * 10~1° [F/m], one can get values for the depletion length given in Table 2 (@300
K and V=0).

One can see that the depletion length is in all cases smaller than the >1pm order of magnitude diffusion length found
for similar levels of dopant. One can see from these values that the depletion length decreases as the concentration in
dopant increases. Indeed, since the excess in charge carriers increases with the level of doping, contacting a P and N
region will still result in a diffusion of carriers, but the charges will not need to come from as far in the material to
equalise the concentrations and energy levels.

Finally, note that increasing the dopant concentration will result in a stronger internal electric field between the N and P
regions. This stronger field facilitating the acceleration and pick up of photogenerated charges and hence their collections.

lel7/1e21 | 1e18/1e21 | 1lel9/1e21
PN PN PN

0.11 0.037 0.012

Total depletion length
in pm

Table 2: Total depletion length as a function of the concentration of dopant (300k and V=0).

3.2.2 Resistivity

The second thing to consider is the impact of doping on the resistivity. Indeed, adding a dopant will generate, upon
its activation, an excess of mobile charge carriers which in turn will lower the resistivity of the material compared to its
intrinsic state (this is detailed in subsubsection 2.1.2).

In our case the goal was to lower the resistance of our pixels to be in the [1-100]k2 range. This is in order to not have
the testing equipment max out during the characterisation phase, especially if we want to measure the impact of strain
on carrier mobility by measuring the resistors featured in our design. The final resistance can be computed as:

pl
R=— 3.6
. (36)
where p is the resistivity of the material. This quantity depends on the concentration in charge carriers as was demon-
strated in subsubsection 2.1.2. The other quantities in the equation, A and [ are respectively the length (60 pm) and
cross section (100x0.3 pm) of the considered resistor.

Table 3 here below summarises the total resistance across our pixels (P- and N-doped resistors). As one can see, as the
doping increases the resistance decreases. Since the target is to have a resistance in the k{2 range one can see that the
minimal concentration of dopant should be of 1el7 (atoms [cm]—3) for both phosphorus and boron.

This consideration on the resistance of our pixels narrows down the possible range of dopant concentration. Considering
the depletion length alone we saw that we should have a P-doping smaller or equal to 1e18. Considering the need for the
total resistance to be between [1-100]k€2 the possible doping value now lies in the [le17-1e18] atoms of boron per [cm]?
range.

As for the N-region, still considering a doping to saturation, one gets a total resistance of 0.62k2 for the pixel dimensions
given in section 3.
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lel5 | 1el6 | 1el7 | 1el8 | 1el9 | 1e20 | 1le21
Boron (P type) 27TM | 2.92M | 412k 96k 19k 2.5k | 0.51k
Phosphorus (N type) | 9.1M | 1.01M | 177k | 51k | 11.7k | 1.7k | 0.62k

Table 3: Resistance of a 60x100x0.3 yum block of doped silicon as a function of the doping level and the type of impurities
(60 is the length of the resistor and 100x0.3 is the cross section)

3.2.3 Maetallic contact (Aluminum on silicon)

As' was previously explained, the 1617 P | 1618 P | 1619 P | 1621 N
metallic contacts should be placed on T :
Final resistance of a

doped material to avoid the Schottky 60x(100x0.3) [pm] 97M 92 99M 419Kk 0.6k
barrier. As was seen in the section ex- doped silicon pixel
plaining the problematic of contacting Expected Schottky
silicon, one way to avoid the Schottky barrier Yes No No No
barrier is to dope the material either (Al on doped Si)
N++ or P4+. Once again, considering Total depletion length
the fact that the wanted doping level in pm

of the N-region is 1e21 (hence N++), o s . 0.11 0.037 0.012 NA
. (Combination of the given

a good metallic contact should be ob- P level and 1621 N lovel)

tained thanks to carrier going through Diffusion lensth

a very high but thin potential barrier inl dl(l)sgzg seillrilcgon 344 89 78 0.012

via the tunneling effect. The problem-
atic is hence, once again, on the level of
the P-doping.

in pm

Figure 33: Summary of the expected parameters of our doped silicon
Contrarily to the previous two parame-

ters (diffusion length and resistance), predicting if contacting a P-type semiconductor (by looking at the doping level)
will result in an ohmic contact is not as straightforward as using a small equation. The math behind this phenomenon
being more complicated, the problem was solved by relying on the experience of Nicolas André.

In the past, he had already been confronted with the task of P-doping silicon to make an ohmic contact. Figure 34 shows
the doping curves obtained by a Silvaco simulation for two different implantation parameters. The figure on the left
shows a maximal dopant concentration of a bit less than 1el8 atoms [em] ™3 and a concentration of 1el7 atoms [cm] 3
at the surface of the material'®. This level of impurities was insufficient to reach the ohmicity. However, the 1e19 and
1lel8 atoms [cm] 3 as illustrated by the figure on the right for the maximal and surface concentration, respectively, did
yield an ohmic contact.

This final consideration allows us to settle on a doping level of 1el8 atoms [cm] =3 for our P-regions. A summary of the
expected properties is given in Figure 33.

3.2.4 Implantation parameters

Now that the doping levels have been determined (see the summary in Figure 33, it is time to look at the implantation
parameters. The implantation of a semiconductor is the process during which impurities are introduced into the material
in order to dope it. An implantation process depends on four main parameters:

x The type of impurities: Probably the most obvious parameter of all to consider for an implantation process. As
was already explained before, the impurities to introduce into a semiconductor will determine its electric behavior
later on. These types, called species, can either dope the material P by capturing an electron and generating a
mobile hole or N by releasing an extra electron. Two common species are boron and phosphorus for P and N
doping, respectively.

10Clarification: Silvaco has a strange way of defining (or at least representing) the origin of the X-axis. The vertical line on the plot
somewhere between 0.04 and 0.08 represents the separation between the thin layer of thermal oxide and the silicon. The concentration curve
on the left of this line should not be considered for two reasons. The first being that it represents the concentration in the oxide layer on
top of the device and second because the definition of the mesh is too rough for an accurate computation in this region. Indeed, the layer of
thermal oxide covering the silicon for the implantation step has a thickness of around 27 nm. As one can see, only three points are computed
for this region. In any case, only the curve on the right of the vertical separation should be considered. The "Surface concentration” being
the level on the separation line at the beginning of the "right" curve and the maximal value also being on the right part of the plot

1 Postdoc researcher at UCLouvain
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Figure 34: Boron atoms concentration as a function of the device depth proposed by Nicolas André!''to try to achieve
ohmicity of the electrical contact (silicon aluminum)

* The dose: During the implantation itself, the sample is placed in a chamber and bombarded with a given amount
of the atoms of the desired species by [cm]?. The dose determines this amount of atoms

x The energy: In order for the atoms to penetrate into the lattice one should not simply drop them onto the sample
like a handful of sand dropped on the floor. The atoms must be shot, like bullets, toward the material to penetrate
it and enter the crystal lattice. This is the implantation energy.

* Annealing: Adding impurities to the material is however not sufficient to consider the device doped. Indeed,
energy must still be brought to the impurities to activate them and generate the charge carriers. This energy is
brought to the atoms under the form of heating. Upon heating, two distinct phenomena will occur. The first one
is that the impurity will replace a silicon atom inside the crystal lattice and the second one is that the thermal
energy will allow to ionise the impurity as was explained in the state of the art. This is generally done by a process
called Rapid Thermal Annealing or RTA. A typical RTA consists of heating the implanted semiconductor to a
temperature up to a thousand degree centigrade for one or two minutes. The short time during which this process
is done prevents the impurities from diffusing into the material and make the final electrical proprieties and dopant
concentration shift to the desired value. Note that, after the process of activation of dopant atoms, steps involving
high temperatures (>650°C) should be avoided.

These parameters should be decided and communicated to the person/company that will be tasked to implant our
wafer. One can not simply reach out to IBS (Ion Beam Service the french compagy taskey to implant our wafer) and
ask them for a specific level of impurities.

Since the doping profile is hard to calculate by hand, one must rely on numerical simulation to fix the energy and dose
for their implantation. For this thesis, such computations were done using a software of Silvaco. Silvaco is a company
well known for producing EDA tools for the semiconductor industry. Note that the curves represented in Figure 34 were
obtained through Silvaco.

In order to obtain the concentration profile, the pixels had to be designed in DeckBuild, where the design is done by
describing the device as well as the process steps by lines of “code’. For example, in our case, the decision was taken to
model our NPN pixels.

In practice this is done by first telling the software the material with which we start. In our case: monocrystalline silicon
doped at a 1lel5 level with boron atoms. Then, once the mesh and initial dimensions are given to the tool, one can
describe the process. Since the process written in Silvaco is the same as the one done in practice we won’t go over it
here but note the following consideration:
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x The dimensions of the modeled device are the one of the NPN pixel proposed in this thesis. The dimensions of the
N and P region being the same as what was drawn on the mask (15/30/15 pm).

x The stack is the same as in reality. We have an oxide with a 300 nm thick layer of mono-Si on top.

x All the process steps are given to Silvaco including oxidation, metal depositions, resist deposition, etching, annealing,

x This was implicitly implied but, if one wants to implant a specific region, a resist mask should be build on top of
the structure to prevent the impurities from penetrating where we don’t want them to.

* The implantation process always takes place across a layer of thermal oxide. In practice, this oxide has a thickness
of 27 nm (it is the target at least). This oxide was grown in Winfab prior to implantation and was modeled in
Silvaco. A second role for this oxide, and probably the most important one, is that it reduces the incident energy of
the atoms arriving on the sample to be doped. This is done to avoid having the impurities go through the complete
thickness of the silicon.

*x The RTA furnace of Winfab was broken at the time at which the annealing should have been done. Hence a longer
annealing process was carried out in the Tempress'? at 850°C for 30 minutes. This should provide enough energy
for the impurities to ionise and replace silicon atoms in the lattice. The downside of this technique is that it makes
the impurities diffuse more in the material, but this was accounted for in the simulation.

Once the device is described and the process (up to the
moment of implantation) is completed, it is time to sim-
ulate the implantation. Like in practice this is done in
three phases. First implanting the boron atoms, then the
phosphorus atoms (or in the reverse order) and finally the
annealing.

(18.981, 0.027) to (81.107 , 0.027)

Active Boron (/cm3)

Active Phosphorus (/em3)

By playing with the dose and energy parameters of the im-
plantation we shape the dopant profile inside of our semi-
conductor until we get the desired curve.

The final profile on which we settled, as well as the implan-
tation parameters, are given in Figure 36. In addition, a
view of the doping is shown on each plot.

Transvers cut
™ =

The implantation parameters for the N type region were
straightforward to obtain since the goal was to reach satu-
ration. A high dose and energy level could hence be used.
The result is shown on the right side of the figure.

However, fine tuning of both the implantation dose and en-
ergy were required to reach this profile for the P region. It
is worth noticing that this curve takes inspiration from the N
work of Nicolas André, but by still considering the analy- 10 P
sis made previously. Indeed, the curve from Nicolas André
(and hence the associated implantation parameters) could
not have been used in our case, because the 1e19 maximal
dopant concentration would have killed the photoelectric
effect by reducing the diffusion length of the carrier too much. The final curve is hence a trade-off between ensuring an
ohmic contact and not ruining the photogeneration capabilities of our pixels.

: 30 40 S0 &0
Microns

Figure 35: Doping profile inside of an NPN type pixel.
Transversal cut/view

The curve hence features the same doping level of 1el8 boron atoms per [cm]® at the surface, but a lower maximal
concentration inside the semiconductor of around 4el8 boron atoms per [cm]?. This curve is believed to be a good
compromise between good contact and good electrical and optical performances.

Finally, as one can see in Figure 35, the longer annealing process at 850°C instead of a conventional RTA did not lead
to any noticeable diffusion. The boron and phosphorus concentration curves crossing at the 15 and 45 pm mark.

12 A furnace that was used to grow oxide before being replaced by the Koyo. Its main purpose is now to degas wafers
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Figure 36: Final doping parameters and profile inside the silicon. P doping on the left and N doping on the right.

3.3 Pixel configuration

Another thing to consider is the way the pixels are positioned on the membrane. Their positioning and configuration
can be analysed in two different ways.

Strain point of view

The pixels on the membranes are either positioned on the edge or at the center. The reason behind it is that we want
to be able to look at the impact of both uni- and biaxial strain on the optoelectronic performances of our NPN and PN
junction. Furthermore, the pixels on the edge of the membranes, and hence under an uniaxial load, are positioned to
either endure transverse or longitudinal deformations. Each substructure on the edge of the membrane also feature two
P doped resistors for strain measurement. Both the uni- and biaxial configuration can be seen in Figure 37. Note that
the pixel under transverse uniaxial load are labeled from 1 to 4 while the ones for longitudinal uniaxial load are from A
to D.

The impact of each of these configurations will be analysed in the section about the Comsol simulations.

Crystal orientation point of view

As was seen in the state of the art, the crystallographic orientation has a non negligible influence on the performance of
strained silicon. Hence, our pixels are placed on the wafer to be aligned either along the <110> or <100> sets of crystal
orientation (the wafer having a top silicon layer in the {111} crystal plane). This is shown in Figure 38.

Electrical connections point of view

Contrarily to what was done in [1], our arrays of pixels are not designed to be individually addressed. Indeed, they are
arranged in clusters (either 2x2 matrices at the center of the membrane or lines of pixels at the rim of the membranes)
and all share the same electrical contact.

In practice, each cluster of pixel can be contacted individually, but the pixel themselves cannot. This means that,
for example, upon SWIR illumination the measured photogenerated current will be made out of a combination of the
generated current of all the pixel inside the cluster. Our structures will hence not be able to act as low resolution
"cameras’.
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Figure 38: Pixel orientation along different crystallographic directions
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3.4 Pixel electrical connections

In order to get a measurement
out of our pixels they need to be
electrically connected. The con-
nections at the scale of the mem-
brane are handled by wires shaped
like horseshoes as was already in-
troduced in the state of the art.
The design of these wires is the
same as in the reference article
and hence similar to those in Fig-
ure 25 designed by [37]. This
wiring should be able to cope with
deformation up to 100%.

In terms of contacting the pix-
els themselves, a finger type de-
sign was used. This was however
found to be a bad idea from a
processing stand point. Indeed,
at some point during the process,
an oxide is grown on the pixels.
This means that this oxide must
be open prior to the metallization
to allow the metal to contact the
silicon.

The issue with this finger design
is that it does not allow for mis-
alignment during the photolithog-
raphy. In our case, since enough

%t

7%
229555
s

BZ
o

Figure 39: Design of the electrical contacts on the pixels and contact pads (a.)
Complete die (b.) Single substructure. Center pixel for biaxial load contacted by
probing both pads number two of the 2/B and 4/D substructures. Resistors for
uniaxial transverse (longitudinal) loading uses pads 142 (2+4) and NPN or PN for
uniaxial loading uses pads 24+3. NPN/PN under transverse (longitudinal) uniaxial
loading labeled from 1 to 4 (A to D)(c.) Contacting fingers (d.) Contact pads for
the pixels on the rectangular dies. Each pad is labeled with a description of the
structure it contacts

margin was left to deal with misalignment, the fingers were always contacting the silicon. However, this requires precision
and patience during the alignment phase of the mask and the wafer.

An easy improvement would be to design contact holes. Holes would be opened in the oxide to access the silicon and a
plain aluminum pad (the width of the pixel) could have been laid on top making misalignment impossible.

The pixels are not individually addressed. We measure them all by averaging their effect by clusters. For example, the
devices inside one of the matrices at the center of the membrane all share the same two electrical connections. Their
output will hence be averaged. The same goes for the other substructures.

Note that the metal used is not pure aluminum but Al-Si (Aluminum silicon). This alloy, made of 1% of silicon by
weight, allowing for a better electrical contact between the aluminum and the silicon.

In terms of the contacting scheme, here is how to measure each substructure:

x Center pixel cluster for biaxial straining: They can be probed using two diametrically opposed number two

pads (pads number two of the 2/B or 4/D substructures).
*x Transverse resistors: Those can be probed using pads number 1 and 2
* Longitudinal resistors: Those can be probed using pads number 2 and 4

* Edge NPN/PN: Pads 2 and 3 should be used.

4 Additional design considerations and final masks

As was already said, the fabrication relies on a set of masks to perform successive photolithographic steps. In our
design, six masks come into play. A complete description of each of them would be of little interest. Hence here is a
quick description of each mask (all the features can be seen in Figure 40).

* Strain mesa lightfield: This mask will be used to build the initial shape of the pixels into the top silicon of our
SOI wafers. The dimension of each silicon island being the one given in the pixel design section.
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x Strain P dop darkfield: Used for the implantation of boron atoms. This mask defines windows for the boron
atoms to penetrate and only dope some regions of the pixels

x Strain N dop darkfield: Same as previous mask but for the N implantation

x Strain open passiv darkfield: This mask is used to open access into the polyimide once coated onto the wafer.
Without this mask we would be unable to access the contact pads

* Strain membrane darkfield: This mask will be used to etch away material from the backside of the wafer and
release our membranes

* Strain alu line lightfield: Used for the definition of the wiring and contact pads.

Some more small details have to be added to all of these masks to make them usable in practice. Among those consid-
erations one can find alignment markers, windows and quality markers. Those are useful to align the different layers of
the design on top of one another during the fabrication process and to assess the quality of a given step. This will be
seen in more details in the section detailing the fabrication process. Large squares for ellipsometric measurements are
also featured on the masks.

Finally, note that all the dies are aligned on the wafer as can be seen in section 3. This is so that dicing will be facilitated
at the end of the process.

Mesa etching in top Si mask

———— Contact opening mask

Metallization mask

&) Back side etching mask

P doping mask

N doping mask

Figure 40: Overview of all the masks

5 Membrane dimensions, shapes and material

5.1 Choice of the polymer

The membranes are built out of a flexible polymer called polyimide. Initially, this material was chosen to match the
selected material of [1]. However, upon closer inspection, this choice is coherent since polyimide has the advantage of
featuring a high Young’s Modulus as explained in subsubsection 1.3.2.

As was explained in the state of the art, many different materials are considered for fabrication of flexible devices. In
our case, since the membranes will be quite large (mm range) the use of silicon dioxide or thin glass would have proven
to be challenging. Indeed, a compromise should have been found between structural integrity (the membrane should not
break upon release during processing) and bendability (the thicker the membrane, the less flexible it gets). Hence, these
materials were set aside and different polymers were considered.

The first one, PDMS, has the advantage of being able to stretch a lot. Its Young Modulus of 360 to 870 kPa indeed allow-
ing it to stretch and bend like latex. However, in our case this property is not really positive since, upon the application of
strain, most of the deformation would occur in the PDMS and in between the pixels, reducing the amount of deformation
transferred to the silicon.
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Another idea, suggested by Nicolas André'® was to use

a thick photoresist as our polymer. The suggested resist Cured Film Properties (400°C Final Gure)

. . . . ure Iim Froperties Inal cure
was the AZ4562 by MicroChemicals[46] which is commonly .« Tensile strengthp (MPa) 260
used to create a thick resist mask for photolithographic = Elongation (%) 100
. . = Modulus (GPa) 2.3
processes (up to 9 pm) The advantage b.emg that, since - Stress for 10um film thickness(MPa) 18
its intended purpose is to be used in photolithography, it is = Moisture uptake at 35% Humidity (%) 1.2
: ; = Moisture uptake at 85% Humidity (%) 31
de&gped to be photodefinable. This would allow for easy - Dielectric constant in X. plane (at 1 kHz, 50% RH) -
opening of the contact pads at the end of the process. The « Dielectric constant in Z plane (at 1kHz, 50% RH) 3.3
issue however, is that the mechanical properties are not = Dissipation factor 0.002
k . it i t desi dtob d hanical = Dielectric breakdown field (volts/cm) >2x10
nown since it is not designed to be used as a mechanica - Coefficient of thermal expansion, 1um film (ppm) 13
layer, = Glass transition temperature > 400°C
. . L. = Decomposition temperature 580°C
Finally we arrive at polyimide. The most known type «  Weight loss (% at 500°C, 60 min) 1.86
of it is the industrial cured Kapton film. However, as was = Refractive index 1.78

previously said, it exists in the form of a precursor allowing

us to spin coat it. The cured film does feature one of Figure 41: Properties of P12545 by MicroChemicals [44].
the properties of polyimide that we are mainly interested Poisson ratio can be considered equal to 0.35 [45]

in: the "high" Young’s modulus of approximately 2.5 GPa

(function of the exact product. A range between 2.5 and 8 GPa is expected). This modulus allowing us to transfer a
non negligible amount of strain to the silicon pixels upon bending or pressurisation of the membranes.

Different types of polyimide precursor exist and hence a choice has to be made. In our case the decision was conditioned
by the product available at the UCLouvain cleanroom (Winfab). Two products were available: PI2545 and PI2611.
Initially, PI2611 was considered since it allows for thicker spin coated layers. However, for reason that will be discussed
in 7?7 we had to select PI2545 which features the mechanical properties given in Figure 41. The obtainable thickness for
a single spin coat of this polymer is between 1 and 3 pm.

5.2 Membrane shape and size

This section is drafted based on [35, 41, 42]. Other sources will be mentioned explicitly

Multiple sizes and shapes of membrane are proposed on a single wafer. Figure 42 represents the different shapes and
sizes as they were drawn in CAD. Two shapes are available, rectangular and circular. Here is an overview.

5.2.1 Circular membranes vs rectangular membranes

Two different shapes of membranes are proposed on each processed wafer: Circular ones (17 per wafer) and rectangular
ones (10 per wafer). The reason comes from the fact that this allows us to use the produced samples in two different
characterisation setups: A four point bender and an "in house build" pressure testing equipment allowing us to pressurise
circular samples up to a bar (designed by Roisin N. and Delhaye T.). Those pieces of equipment will be further described
in the characterisation section.

Note that the rectangular dies are designed to be transferred on a flexible plastic strip prior to their use in the four
points bender.

Finally, the rectangular and circular dies do not carry the same structures and pixel designs as we will show in later
sections. Indeed, the circular membrane comes in different sizes and with different pixels design. However, each die (each
membrane) only carries one type of pixel design. For example, per wafer, there are two membranes of 5 mm in diameter
that bear NPN pixels. On those two membranes all the pixels are identical. Other membranes however, might come in
other sizes like 1 or 2.5 mm in diameter and carry a set of PN pixels or N doped resistors and so on.

On the other hand, all the rectangular dies are the same but each carry all the different pixel designs (and more) featured
on all the different circular membranes combined. For instance, each rectangular die has NPN, PN and resistors that
vary in dimensions.

5.2.2 Membrane dimensions

Further looking into the design of the circular membranes, three sizes are available per wafer: six 5 mm ones, nine
2.5 mm ones and two 1 mm ones (all diameters). These three sizes are believed to be a good compromise between being
able to demonstrate a transfer of a silicon based micro-device on a large piece of flexible substrate (as was done in the
reference article) and being able to make an actual measurement under pressure without the membrane breaking.

13Postdoc at the UCLouvain
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The reference article only features one membrane shape and size. The biggest difference here lies in the fact that their
membranes are very large compared to ours. Indeed, where their membrane measures around 17 mm we took the decision
to considerably size down ours to 5 mm in diameter for the biggest one. The reasons are:

x Integrity during testing: The bigger the membrane, the more prone to rupture it is. Hence, shaving the
dimension down also decreases the risk of a membrane breaking once put under pressure.

* Practical fabrication consideration: One thing to not overlook when doing micro and nanofabrication is the
"know how" of the facility we are working at. This point, even if not being a scientific or technical consideration
but more a human one, is of critical importance. Indeed, the last time someone made a polyimide membrane at
UCLouvain was Walewyns Thomas for his thesis: A low-power low-cost MEMS-based gas sensing in 2016 [47].
Him being long gone, this means that no one at Winfab'# had experience with the spin coating of a polyimide
precursor which is needed for this project. Hence making the membranes smaller means less place for defect and
hence increased chance of mechanical integrity.

*x Place on the wafer: Since we are here working on 3 inches wafers, the available space is limited. Hence, should
we have build a membrane the size of the one proposed in our reference article we would have only been able to
put four structures per wafer instead of the 27 of the final design.

In a nutshell the goal is to be able to first demonstrate that transferring a silicon based technology on a large piece of
flexible substrate is possible: Here we want to validate the "flexible electronic" part of the thesis, and be able to produce a
strong enough membrane that will hold the pressure to be able to perform some strain engineering. The next subsection
will look into the simulation of the designed membranes as well as the amount of stress that one can generate inside the
designed silicon pixels.
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(1): Structure denomination (NIN, PI, ...) on the masks may be inconsistent since new masks were added/designed after the initial order. NIN/Pl became NPN/PN and intrinsic resistor became P doped

Figure 42: Membrane sizes and shapes available on a single wafer

5.3 Membrane thickness

In order to determine the thickness of the membrane, computations were required. For initial testing in the lab a
single spin coated layer of 2 pm will be used to validate the process and perform initial testing. However, an analysis on
membrane of various thickness has been performed in order to predict the behaviour of the final devices once pressurised.
Thicker membrane could be obtained by repeating multiple times the spin coat/cure cycle: making the layer 2 pm thicker
with each spin coat.

14 The clean room facility of the UCLouvain
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5.3.1 Mathematical modeling

For many cases, good approximation of a membrane deflection can be found using simple mathematical formulas. A
very popular model being the one of the deflection of a circular diaphragm presented in the book Practical Mems[48]:

4 2
pa 7\ 2
=—(1-—= 5.1
wr) =151~ g2) (5:1)
where w(r) expresses the deflection of the membrane as a function of the radial position, p is the pressure, a the radius.
D is defined as the flexural rigidity and can be defined using the Young’s modulus of the membrane E, the thickness h
and the Poisson ratio v:
Eh3
D=———
12(1 — v2?)
This model works well for small diaphragms where the resistance to deflection is dominated by the resistance to bending
of the material. For instance, this model could be used for a 1 pm of diameter thin silicon diaphragm. However, it starts
to show its limits for larger membrane. The introduced formula fits in the definition of the Small deflection theory. For
larger membranes, the resistance to deflection will be dominated by the intrinsic stress of the material giving us a slightly
modified version of the previous formula (o; is the built-in stress of the material):

(5.2)

pat T2

w(r) = 40ih(1 ) (5.3)
Additional models exist and are presented either in practical mems[48] or in an excellent article by William P. Eaton
and his team [49]. In this paper, an analytical solution is presented to predict the deflection of large membranes. This
analysis could be used here but my computation using their model proved to be inconclusive. Since a deep dive into the
mathematics of membrane deflection is not the main topic of the thesis, the subject is left to the curiosity of the reader.
In addition, even if those models allow us to "easily” predict the deflection of a membrane, they struggle to predict the
behavior of complex structures like the one presented in this work. Indeed, in our case, silicon pixels are built into the
membrane and their effect on the stress induced into the polymer should be taken into account since they might represent
stress concentration points leading to potential failure of the membrane.

5.3.2 Comsol simulation setup

In order to provide us with the best possible prediction Ep - o
and to avoid struggling with analytical models for too long, [GPal [ [kg/m?]
we decided to make a §1mulat10n of our mem'bram.e. The PI2545 Mombrane 53 0.35 1300
software that we used is called Comsol Multiphysics and Mono-Si Pixels 170 098 2329
is a finite element method simulator. It is build to provide
the user with a "relatively” intuitive graphical interface
allowing to build a 1-, 2-, or 3D model of their structure
and run physical simulations on it.

Figure 43: Material properties of polyimide and silicon used
in the Comsol simulation

In our case, the design was implemented in 3D in Comsol. Two independent 3D models were built and can be seen in
Figure 44:

* Fix radius membrane: The first model that was build is the one of the largest membrane proposed in this thesis.
The designed modeled membrane has a radius of 1250 pm and features three sets of pixels: The pixels at the center
along two directions and pixels on the edge of the membrane in both the longitudinal and transverse direction. The
dimensions of the pixels are the ones presented previously, namely: 60x100x0.3 pm. Analysis points were placed
at various places of interest: at the center of the membrane both at the middle of the PI thickness and on the
surface of the fill and on the pixels. For the pixels point of analysis, the chosen positions are: on the edge and at
the center of the XY dimensions as well as at the center of the pixel thickness (0.15 pm) as shown in Figure 44.
The studied parameters for this model are the pressure (sweeped between [-5;5] bar with a step of one bar) and
the film thickness (evaluated at [2,5,10,20,30,40] pm). The measurement points are represented in Figure 44 (a.).

x Variable radius membrane: The second model is a simplified version of the pixel arrangement allowing to
automatically sweep the radius of the membrane (in addition to sweeping the applied pressure and film thickness).
The position of the pixel is linked to the radius so that their position remains accurate. The pixel dimensions are
the same as previously as well as the measurement points.

Once the 3D model completed, one must define the material of each structure. In our case, a model (included in Comsol)
was used for mono-Si and a modified version of the included model was used to fit the real parameters of the selected
polyimide according to the datasheet (PI12545 [45, 44] ).
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What is left to do is to define the Solid mechanics properties of the different regions. For instance, the polyimide
membrane and silicon pixels are defined using a model for linear free elastic materials. This tells the simulator to
solve the set of equations 5.4 for each point of the mesh. In order of appearance these equations are respectively the
transformation gradient, the Green-Lagrange equation and the infinitesimal deformation equation. They feature: F the
tensor of deformation, E the Green-Lagrange deformation tensor, ¢ the small displacement under the hypothesis of small
perturbation and u the displacement.

ox T Lo 1 T
Fe = (Vox) E= 5(F F-1 €= 5((Vu) + (Vu)) (5.4)
In addition, one must define boundaries and initial conditions that might be expressed as:
du
ulp=0 =0 E|p:0 ul, =0 Sn=F (5.5)

These conditions telling us in order of appearance that the displacement and displacement speed of the membrane are
null without pressure, that the edge of the membrane are fixed and that the load is an applied pressure generating a
force normal to the surface of the membrane.

Now that all of these elements have been setup, all that is left to do is leave the simulator to run and analyse the results.

Figure 44: 3D model of the membrane in Comsol multiphysics. (a.) 3D model of the 1250 pm radius membrane for
pressure and thickness sweep (b.) Produced mesh for finite element method (FEM) analysis (c.) Simplified membrane
for pressure, thickness and radius sweep (d.) Produced mesh for FEM analysis

5.3.3 Simulation results

The Figures 45, 47, 48, 49 and 50 show the results of the Comsol simulation. The plots represent the deflection of the
membranes for different thicknesses and radius. In addition, plots are given for the radial (uniaxial) stresses and strains
of central pixels (of lateral pixels) as well as for the polyimide at the center of the membrane. Many more results can
be obtained from Comsol but these are the most valuable for the case we are interested in. As a visual treat, one can
see a 3D visualisation of our 5 mm wide membrane under load. The plots are, from top to bottom (Figure 45 (a.)):the
strain inside the polyimide and the membrane deflection. Those 3D plots are interactive in Comsol and allow the user
to manipulate them in 3D and probe spots for values with its mouse. This method is, however, not very practical and
the use of conventional plots is preferred here. Beware that, even if accurate, the 3D visualisation is shown here as an
illustration only. Indeed, a high pressure and thin membrane was used to get a visually pleasing result only in Figure 45.
Here is a quick description of the provided plots:
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x Figure 47: This plot features the evolution of the biaxial stress and strain for the largest membrane of 5 mm.
The sweeped parameters are hence the pressure in the [-5;0] bar range and the thickness of the membrane. The
negative sign of the pressure is there to make the simulation run. For some reason that is still out of my reach
today the simulation did not work with positive pressures. As one can see, the deflection of the membrane increases
with not only the pressure, but also as the membrane becomes thinner. This translates in a higher level of strain
in the pixel when the membrane becomes thinner. From the plot, it can also be observed that the level of strain
in the silicon pixels and in the polyimide are not that different. This confirms our theory that the polyimide, due
to its high modulus, transfers a lot of constraint to be transferred to the silicon allowing it to bend with it. The
maximal strain that has been witnessed in the silicon was one of 2% for a membrane of 10pum and a pressure of 5
bar. This, however, coming at the cost of 6% of deformation in the polyimide.

x Figure 48: Here the situation is a little bit different. The thickness of the polyimide has been fixed at 10 pm while
the two other radius featured in our design were tested, namely the lmm and 2.5 mm wide membranes. In this
case, since the deflection is smaller (440pm VS 220pm VS 80pm of deflection for the 5, 2.5 and 1 mm membranes
at 10 pm thickness) the strains are a little bit smaller than one could have anticipated. Indeed, in this case the
maximal biaxial strain at the surface of a silicon pixel located at the center of the membrane is of 1.12 % for the 2.5
mm membrane at 5 bar and 10 pm. However, this decrease in strain comes with a non negligible reduction of the
stress in both the polyimide and the silicon. Indeed, when looking a the 5 mm and 2.5 mm 10pm thick membranes
put under a similar 5 bar load, we observe strains of 2% (6%) in the silicon (polyimide) with a stress of 5 (0.22)
GPa in the silicon (polyimide). This stress decreasing to 2.8 (0.18) GPa in the silicon (polyimide) for a strain of
1.12 % (3.2%) in the silicon and polyimide. This trend in the reduction of stress and strain is also true for the 1
mm membranes compared to the two others. This means that good levels of strain could be achieved with smaller
membrane while reducing the stress and hence the risk of shattering our pixels. Note that sufficient levels of strain
close to the percent could already be achieved at only one bar using the largest membrane. Indeed, in practice, we
do not expect our membrane to withstand 5 bars due to imperfections in the fabrication process.

x Figure 49, Figure 50: These plots show the evolution of the uniaxial stress and strain inside the lateral pixels.
The same general remarks can be made as was done previously about the impact of the membrane thickness and
size. An interesting effect that has been made visible by the simulation, however, is that the membrane does
not directly take a convex shape. Indeed, starting from the edge it first undergoes a concave deformation before
transitioning to the convex shape as is shown in . This is due to the high modulus of the polyimide that does not
really want to deform. Plus a sharp transition from the edge to an immediately convex shape would mean that
the polyimide would tear. This is not the case here, the polyimide smoothly transitions from the edge to the final
convex shape that one expects. This, however, has an impact (greater on the longitudinal pixels since they cover
a larger part of the curve) on the stress and strain profile of the lateral pixels. Indeed, upon inspection of the
curves one can see that each pixel at the edge of the membrane goes through both compressive and tensile uniaxial
loading. Since silicon does not react in the same way to compression and traction (in terms of effective mass and
bandgap), the impact on its electrical performance is hard to determine.

Note that in all of these simulations, the maximal yield
strength of silicon of 7 GPa (as reported by [27]) was never
exceeded. This does however not necessarily mean that
the pixels will resist the bending conditions. Indeed, the
fracture phenomena of silicon is dominated by the defect in
the material. Hence, our pixel could break at a stress level
way below 7 GPa. The polyimide should also never reach
its maximal tensile strength of 260 MPa as one can see
from the plot, but the same comment about the strength Figure 46: Transition from the concave to the convex shape
of silicon is applicable here: manufacturing defects in the at the edge of the membrane upon pressurisation

polyimide layer could lead to its failure before it reaches its tensile strength of 260 MPa. In addition, concentration of
stress in the polyimide around the pixel lead to high levels of strain (up to 10% for a 5pm thick 5 mm membrane under
"only" one bar).

Since the simulation was done prior to the real fabrication of the device, it will later be used as an indicator for the
polyimide thickness that we should apply. As we will see, the precursor that we wish to use allows to spin coat a 2 pm
thick layer. Simulation results for this 2 pm thick membrane are summarized in the table here below. This table is build
to serve as a lookup table during testing. The 2 pm value being a thickness that could be obtained without trouble in
Winfab and the pressure values are achievable at the Welcome characterisation lab of UClouvain. No values for the 5
mm wide membrane are reported since, looking at the simulation results, it is not expected to hold even a bar. Multiple
spin coats might be required.
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Figure 45: Visual representation of the simulation results (a.TOP): Strain in a 2pm thick and 5 mm wide membrane
under a 5 bar load (a.BOTTOM): Deflection of a 2pm thick and 5 mm wide membrane under a 1 bar load (b.) Stress
concentration around the pixels

@ 2 pm and 1 bar

Membrane Biaxial stress Biaxial stress Biaxial strain Biaxial strain
deflection | center membrane | center pixel | center membrane | center pixel
[nm] [GPa] [GPa] [-] [l

1 mm membrane

@ 2 pm and 1 bar 60 0.086 0.64 0.015 0.0028

1 mm membrane

@ 2um and 2 bars 75 0.136 1.04 0.025 0.0045

2.5 mm membrane 200 0.16 1.24 0.028 0.0054

Table 4: Lookup table for strain and stress value for a 2 pm membrane part one

Uniaxial stress | Uniaxial strain | Uniaxial stress | Uniaxial strain
longitudinal longitudinal transvers transvers
[GPa] -] [GPa] ]
1 mm membrane
@ 2 pm and 1 bar 0.5 0.0026 0.3 0.0015
1 mm membrane
@ 2pm and 2 bars 0.78 0.0042 0.53 0.0025
2.5 mm membrane
@ 2 pm and 1 bar 0.81 0.004 0.53 0.0028

Table 5: Lookup table for strain and stress values for a 2 pm membrane part two
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Radial strain at the center of the membrane as a function of the pressure and film thickness

Radial stress at the center of the membrane as a function of the pressure and film thickness
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Figure 47: Biaxial stress and strain + deflection as a function of the pressure and thickness for the 5 mm membrane (a.)
Strain at the center of the membrane in the PI (b.) Stress at the center of the membrane in the PI (c.) Strain at the
surface of a pixel (d.) Stress at the surface of a pixel and (d.) Membrane deflection at the center
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Radial strain at the center of the membrane as a function of the pressure and membrane radius Radial stress at the center of the membrane as a function of the pressure and membrane radius
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Figure 48: Biaxial stress and strain + deflection as a function of the pressure ans radius for a 5pm thick membrane. (a.)
Strain at the center of the membrane in the PI (b.) Stress at the center of the membrane in the PI (c.) Strain at the
surface of a pixel (d.) Stress at the surface of a pixel and (d.) Membrane deflection at the center
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Uniaxial transvers strain as a function of the pressure and membrane thickness

Uniaxial transvers stress as a function of the pressure and membrane thickness
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Figure 49: Uniaxial stress and strain as a function of the pressure and membrane thickness for the 5 mm membrane.
(a.) Strain at the center of the membrane in the PI (b.) Stress at the center of the membrane in the PI (c.) Strain at
the surface of a pixel (d.) Stress at the surface of a pixel and (d.) Membrane deflection at the center
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Figure 50: Uniaxial stress and strain as a function of the pressure and membrane radius for a 5pm thick membrane (a.)
Strain at the center of the membrane in the PI (b.) Stress at the center of the membrane in the PI (c.) Strain at the
surface of a pixel (d.) Stress at the surface of a pixel and (d.) Membrane deflection at the center
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6 Comparison with the reference article[1]

As was said multiple times, the presented design is inspired form the design made by Ajit K. Katiyar and their team
[1]. Tt is hence completely natural to compare the two designs.

6.1 Final design

The final version proposed for the master thesis, and the one that ended up being built in the cleanroom, is rather
different from the original reference work. Here are the key differences as illustrated in Figure 51. Since this complete
subsection is dedicated to comparing the two, the reader can consider that all comparisons are being made between the
master thesis design and the work of Ajit K. Katiyar and their team in [1]. This article being often referred to as "the
reference article”. This comparison will also serve as a summary of what devices are proposed in this thesis.

*+ Membrane sizes: Multiple membrane sizes and shapes are proposed. The reference work features only one size
of membranes whereas our work has three to make sure that a least one size might perform well under pressure.
Rectangular dies are also featured to allow four point bending and analysis in the Raman for strain measurement.

x Connections: Another important difference is the electrical connections. Indeed, as one can see in Figure 51, the
pixels in the design of the reference article each have an individual connection. They share a common ground, but
the other terminals can be individually addressed. In our case, to make the wiring easier, all the pixels in a cluster
share the same connections, with one common negative (or ground) and one positive terminal. This difference is
not negligible. Indeed, as we saw in the state of the art, the device produced by Ajit K. Katiyar’s team can be
considered as a real infrared (and in our case even SWIR if strained) low resolution "camera’. Since each of their
pixels has an individual connection they are able to output an image as we saw in the state of the art. In addition,
they can measure the variation of the strain as a function of the position on the membrane. In our case this won’t
be possible. Indeed, since each cluster only has one plus and one minus connection we will only be able to output
an averaged measurement over the total number of pixels in the cluster. This means that we won’t be able to
output an "image" as was done in the reference article. The impact of strain being averaged on a given amount of
pixel inside each substructure.

x Pixel arrangement: In the reference article only one kind of pixel configuration is proposed: a 6x6 pixels matrix.
In our case we propose both a matrix type of 2x2 pixels arrangement at the center of the membrane as well as a
linear type arrangement at the border of the membrane. In addition, the substructures are designed so that they
align along both the <110> and the <100> crystallographic orientation of silicon. This means that we will be able,
using our designed structures, to measure both the impact of a biaxial and uniaxial strain as well as the impact of
the crystallographic orientation on the device performance.

x Pixel number: The pixel matrix of the reference article is of size 6x6. In our case, since we were aiming to
measure an averaged effect of strain over multiple pixels and because we wanted to make the design of the wiring
easier, the size of our matrix was set to 2x2. This is also why we were able to decrease the size of the membrane
so much compared to the reference design.

x Pixel design: The pixel in themselves have differences. Where the reference article only has 20x20x0.01 pm PN
junctions, our work features NPN, PN and N- and P-doped resistors. For microfabrication related reasons our
pixels are thicker: around 0.3 pm.

6.1.1 General device variation

More generally, compared to the reference work, one processed wafer with our final design proposes more flexibility
and opportunity for future work and research. Indeed, one processed wafer provides us with 27 dies featuring different
membrane sizes, photodetector pixel designs, membrane shapes and so on.

6.2 Initial design

Even though making a historic timeline of the design evolution is a bit sterile, it is interesting to have a quick look
at what the original proposition was for this thesis. Figure 52 provides a comparison between the reference work and
the initially proposed design. Here we can see a striking similarity between the two in terms of general dimensions and
features (addressable pixels and only one kind of substructure). Furthermore Figure 51 and Figure 52 can be compared
to see the evolution of the design over the course of the second semester.
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Figure 51: Final design for the master thesis compared to the reference design [1] (a.) 6x6 pixel matrix of reference
design (b.) 2x2 pixel matrix along two different crystallographic orientation (c.) Complete design of the reference work
(d.) Largest membrane proposed for the master’s thesis. (a.) and (c.) coming from [1]
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Part 111
Processing technique presentation
This section is drafted based on [40, 50]. Other sources will be mentioned explicitly

The goal of this section is to be used as an extension to the previous one. The fundamental principles of the different
microfabrication processes involved in the main Process section have been put here in order to make the text more
readable. General indications, explanations and parameters will be given here with the ones specific to our process given
in the Process section.

1 A word on cleanroom environment and safety

Micro- and nanofabrication of dies and chip must be built under controlled levels of cleanliness. Without going into
the details of the different ISO and levels of particles in the air, a cleanroom is an environment designed to limit as much
as possible the introduction and generation of contaminating particle such as dust. For that purpose, the users must wear
integral cleanroom jumpsuits including a mask, hair-cap and overshoes. Naturally, since the jumpsuits themselves come
from the outside of the cleanroom they will carry dust within but won’t generate it. These combinations are engineered
to generate as little particles as possible compared to the never ending generation of dead skin cells of fabric plumes
always coming out of a person. In addition, the user should also wear gloves. These are not meant primarily to protect
the person itself, but rather to prevent him from putting greases and oil on every surface.

Should contaminants still be generated in the cleanroom, a permanent laminar flow of filtered air is constantly pushed
through the cleanroom from the ceiling and evacuated by the perforated floor. This laminar flow ensures that any particle
will be carried down and not travel its way in the cleanroom onto some valuable samples.

All these precautions for cleanliness are taken so that the user does not have to worry too much about contaminant
particles collecting on their precious samples and potentially ruining further processing steps and hence their work.
Indeed, due to the considered scale (from mm to nm size devices), some grains of dust can look like an elephant
compared to an ant.

Different styles of cleanrooms exists such as the ballroom or the mini-environment. In the first case, the whole room is
built with the highest standards in terms of air contamination. The operators/users are often required to wear complete
respiratory devices to avoid the introduction of undesired moisture and particles from their breath and eyes. This kind
of configuration slowly starts to fall out of fashion because its cost is prohibitive. The other approach (the one that we
have at Winfab) is the mini-environment one. In this case the cleanroom is kept at a lower ISO'® around 6 or 5 and
houses closed equipment kept under fluz'®. The machines are hence surrounded by air just coming back from filtration
and their inside is kept at a high ISO of 1 or 2. This technique allows to drive the cost down since it does not require to
control and process a large volume of air at all times. It also allows to relieve some pressure on the users by not requiring
them to wear complete respirators.

1.1 A word on health and safety

Micro and nanofabrication of devices is done via what is referred to as a Process. During this process the wafers
will go through many different steps involving many gases and dangerous chemical products. The nature of the work
of a cleanroom users makes it such that the handling of chemicals becomes a routine. The installation of this routine
is where the danger lurks. Indeed, if all the procedures are followed on the dot at each time and if the equipment is
checked regularly, no accident should ever occur. But as with every accident, a false sensation of safety combined with
time crunch inevitably leads to mistakes, lowered attention and safety standards. It is easy to forget that the cleanroom
is a dangerous environment but it is. Deadly gases and chemical product are being used that could kill someone without
them even noticing. Please never forget this when working in any lab environment:

*x Never make a habit of seemingly routine tasks. Repetitive and quite boring tasks such as the standard cleaning
often leads the user to carrying them out like a routine. If the procedure in itself is not complicated, the chemical
products still remains dangerous.

* Never work alone and always check that someone else is around. Two example could be given for this. First: you
could be handling certain chemicals or pieces of equipment and cause an accident and second: a gas with no odour

15The ISO defines the cleanliness level. An ISO 1 has less than 10 particles per m® whereas an ISO 5 would have less than 100000 particles
3
per m°.

16 Flug is the term used to refer to the laminar flow
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starts leaking. If no one is around at the time, the user has breathed too much of the chemical there is no one to
save him.

x Never consider a funny smell as normal. Funny smells could be anything from something as simple as resist burning
on a hot plate or a ruptured gas line.

x Avoid doing any manipulations in a rush

Permanent training and vigilance of the users is hence paramount to avoid accidents. The user should come in the
cleanroom fully prepared and should not improvise a recipe. If all security protocols are followed and if the process steps
are performed accordingly with the procedure, everything should go smoothly. A final

Avoid killing yourself in cleanroom ! Respect the procedures, don’t rush and don’t improvise !

2 Cleaning and preparation

A successful process often relies on proper preparation of the wafer. Indeed, one can have the best settings in the world
for a given process step, if the wafer is contaminated, the chance of it ending up with a failure is high. Contamination
can induce a lot of different problems such as damaging equipment in the worst case or simply having bad results such
as poor adhesion of a deposited material. A good example is the spin coating of resist for a wet etch application. If one
does not prepare the wafer appropriately, the resist might delaminate during further processing hence resulting in a bad
etch resolution.

Contamination can take different forms:

* Dust: can be deposited on the wafer during characterization, handling and transportation. Indeed, even if a wafer
should be handled with care and under flux and even if the cleanroom is supposed to be clean, a grain of dust
could always arrive at some point

* Organic contamination: This type of contamination can result from either a leftover of resist of a prior step
or from human contamination. The second type might come from the gloves of the user after them repositioning
their facial mask, for example.

x Metal or thin films "contamination"”: The use of the word contaminant depends on the case. For instance,
a thin layer of oxide will always form naturally on top of a silicon wafer. This layer, while not qualifying for the
term contaminant, is however often undesirable. Metal is another case and can be more complicated to handle.
For instance copper is often considered as the worst form of contamination since it diffuses in silicon, ruining the
wafer !

The techniques given here below are among the most used in Winfab for wafer preparation.

2.1 Standard cleaning

This technique, the most common one, is a standard procedure that should be done prior to the use of some high
ISO type equipment (like the KOYO, furnaces, ...) and to enhance adhesion of later coming thin films to be deposited
on the wafer. This procedure relies on a succession of baths of various chemicals and is defined a bit differently in every
lab.

2.1.1 Bath one: piranha solution

The basic principle relies on the use of what one calls the piranha solution. This solution is a mix of H,SO,:H,0, in a
(4:1) ratio'” (this ratio varies from lab to lab. This ratio is the one from the Franssila [40]) at a temperature of 120°C.
The result is a solution being able to dissolve any organic contaminant in a two step process:

H,SO, + H,0 — H,0" + HSO, then H,SO, + H,0, — H,0" + HSO; + O

The first step of the reaction is Dehydration. The sulfuric acid reacts with water to change it in H;O" and hence remove
the water from the contaminant. This removed water leaves behind the carbon that can be dissolved by oxygen. This
oxygen is coming from the reaction between the sulfuric acid and the hydrogen peroxide.

This reaction will hence be able to strip any organic contaminant. One can understand that this chemical would cause
problems if splashed onto the operator. This is why protection glasses are required in addition to the gloves. This process
should also be performed under extraction in a fume hood. This video by the Youtuber NileRed shows what happens
to a sausage put in piranha solution.

17HQSO4 being sulfuric acid while H,O, is hydrogen peroxide
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2.1.2 Second bath: Hydrofluoric acid

HF is a chemical often used to etch away silicon dioxide. The etch rate at which this occurs depends on a lot of
parameters like the type of deposited oxide (thermal or PECVD for example), but can exceed the pm/min rate for
PECVD. A thermal oxide on the other hand would have an etch rate closer to 100 nm/min. In most of the cases, the
layer to remove will be a layer of native oxide formed at the surface of the silicon wafer by natural oxidation. This layer
is typically very thin, in the order of a couple of nanometers, and close, in terms of its properties, to a thermal oxide.

The chemical reaction for the etching of SiO, in an HF bath is given by:
Si0, + HF — H,O + SiF,

Note that the F~ ion is not the etchant of silicon dioxide but H* is. A 1% HF is used to remove the native oxide. Note
that pure HF does not etch away silicon.

2.1.3 The procedure

The procedure goes as follows:

x Bath preparation and cleaning: The first step is to change the bath of piranha solution according to the
notebook. Indeed, depending on the time they have been sitting they might need to be emptied out and refilled.
The baths are first emptied using the aspiration hose for waste chemicals then rinsed three times with DI water.
Once done they must be filled again with the right ratio and amount of chemicals. The same procedure goes for
the HF bath that must be changed every day. Some time should then be granted to the baths for them to cool
down to 120°C (the reaction of mixing H,SO, and H,O, is exothermic).

x Piranha bath 1: The wafers are placed in a first bath of piranha solution for 10 minutes.

x Rinsing: The wafers are put in a bath of DI water for 10 minutes under a continuous flow of DI water and nitrogen
bubbles. This procedure allows to rinse the wafers to stop the chemical reaction, remove all piranha solution and
knock off particles loosely attached to the wafers. The bath should also be emptied and filled five times under
continuous rinsing to further increase the odds that particles will leave the surface of the wafers.

* Piranha bath 2 + rinsing bath 2: Repeat the previous two steps in two other piranha and bubbling DI water
baths.

x HF bath: This bath should be done only if the user wants to remove an oxide layer. If not, this step must be
skipped. It consists in putting the wafer ten seconds in the HF bath and then putting it into a bubbling water
bath for five minutes.

x Blue fountain: This fountain is a bubbling bath of DI water like the previous ones. The difference is that the
flow of DI water is running around the clock every day of the year. This water fountain is the cleanest spot of the
cleanroom. The wafer should be put in for at least ten more minutes. The name of the fountain is simply because
the container in which it is at Winfab is blue.

* Rinser dryer: Also called the space washing machine. The wafers and their carriers are placed in a tumbler.
They are then sprayed with DI water under continuous rotation and then spin dried under a flow of nitrogen. This
step completes the standard cleaning process.

Note that extra care should be taken regarding the piranha solution and particularly the HF. Indeed, while the piranha
solution has a spectacular effect on flesh, the fact that it hurts immediately should be a sufficient indicator that something
is wrong. Actions like rinsing of the exposed area can then be done directly. However, HF is more insidious. If splashed or
breathed in by the user, HF will not hurt directly, but rather penetrate the tissue until it reaches nerves or bones. Here,
though chemical reactions way beyond my level of chemistry understanding, the HF will form complexes and deactivate
the cells of the bones and nerves. This leads, in the end, to the nervous system breaking down and the bones dissolving.

This procedure MUST be done under a fuming hood, the gloves should be checked for holes (having two pairs of gloves
is not an unseen practice) and protective glasses have to be worn.

2.2 Barrel plasma cleaning

One conventional quick way to partially clean a wafer is to put it in what is called the barrel. The barrel is a non direc-
tional plasma generator used to strip resist or polymer layers from wafers. This process does not etch away silicon (or sili-
con dioxide for that matter) or metal.
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The chamber of the barrel is put under a low vacuum in the order
of the millibar and an oxygen plasma is generated. As was said, the
process is non directional and hence both the front and back side of
the wafer are cleaned at once. The etching of polymers results from
the mechanical bombardment of the wafer of ions generated in the
plasma.

The procedure lasts ten minutes and the operator has to increase the
power of the plasma manually following the ramp given in Figure 53.
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The short duration and ease of operation of the barrel tempts some
cleanroom users to only do barrel cleaning instead of standard clean-
ing. Even if effective in most situations, this technique is however not
enough to clean the wafers prior to their introduction in a high ISO
type machine. But as a quick turnaround to strip resist after a fail lithography this technique is very efficient. In
addition, it does not put moisture in the wafer and hence no degassing is required afterward.

Figure 53: Barrel power profile

2.3 Fuming nitric acid

Without going into the details of the chemistry, fuming nitric acid (which is just 100% concentrated HNO,) can be
used to remove organic traces from a wafer or sample. This type of cleaning is used to replace the standard one after
metallization. The first reason is that metals cannot be put in the cleaning bath due to the risk of contaminating them
and the second because the HF and piranha solution would damage the metallization.

Fuming nitric acid is very selective toward silicon, silicon dioxide and aluminum, which is why it can be used once metallic
contacts have been laid down in a process. The procedure is similar to the one used for the standard cleaning but not as
long. The wafer are submerged into the acid for five minutes and then rinsed under a continuous flow of DI water. The
main difference is that, since fuming nitric acid is rarely used in cleanrooms (or at least at the UCLouvain Winfab) it
is not available in large quantities. The product must hence be put back into the bottle and the bottle carefully rinsed
afterwards.

One consideration about this acid though is that, as the name implies, it generates a lot of fumes. The quantity is a
function of the amount of polymers to be dissolved. This procedure MUST be done under an extraction hood.
2.3.1 Adhesion promotion

Often considered to be a part of the wafer cleaning process, adhe-
sion promotion is a parameter that must be taken seriously. Adhesion

of resist in photolithography or more generally polymer adhesion is of- oy on

ten of critical importance for the success of upcoming processing steps H3f.1—5I—N—L—bH3

such as dry and wet etching. 1[:‘.1\. . L” o o
Where some process steps kind of naturally promote adhesion (like S Haﬂ\l/ﬂﬂa MO L

H H H H H

sputtering), the previously cited examples of polymer need special care J A O | NLobdd
to be able to adhere to the desired substrate. A common practice is

to try to remove as much water as possible from the wafer. This can

be done by degassing the wafer in a furnace.

S 8 3 3 9

Heat degassing is in most cases a quick process consisting of putting
the wafer in a furnace for 15 minutes at high temperatures like 850°C
or higher. At Winfab this can be done in the TEMPRESS'®. Note, however, that degassing at such high temperatures is
not possible for doped materials. Indeed, after implantation and RTA of the wafers, high temperature processes (>650°C)
should be avoided for the dopant to not diffuse into the material and modify the designed doping profile. Degassing
should hence be done at lower temperatures like 120-200°C for an extended period of time. A good practice after a
standard cleaning is to leave the wafer to degas in a 120°C oven for at least four hours and up to a week.

Figure 54: HMDS priming [40]

Once done, an HMDS (Hexamethyl Disilazane) priming of the wafer can be performed. This step is done by exposing
the wafer to HMDS vapor under vacuum. As can be seen in Figure 54, the silicon atom of the HMDS bounds to the
oxygen at the surface of the wafer where a water molecule used to be adsorbed. This leaves a silane group at the surface

18The TEMPRESS is a retired furnace used in the past for thermal oxidation of silicon wafers or nitride deposition by CVD. It was replaced
by the KOYO1,2 and 3 and is now used for degassing. This piece of equipment falls into the hot wall tube category. A complete thesis could
be written on heat and gas uniformity of distribution, but simply note that in this case the heat comes from an electrical current running in
a wire around a silica type glass. The whole system is hence heated. These devices usually stay at a standby temperature of 650°C instead
of being turned on and off at the risk of breaking the glass tube (thermal expansion). Inductive heating also exists and allows to get a local
temperature gradient.

o8



EPL UCLouvain TFE M2 2021-2022 Lahaye Loic

of the wafer making it hydrophobic and facilitating adhesion of the upcoming resist/polymer. A typical priming process
would be done in the LPIII of Winfab and takes around 30 minutes. Once completed, the wafer should be coated in the
next 20 minutes before the effect of the HMDS wears off.

A common test to check if a layer is properly adhered to the underlying substrate is the tape test. This tape, even
if rudimentary, is used very often in the cleanroom environment. The idea is to put a strip of adhesive tape on the
deposited layer and then to peel it off. If the layer comes off with the tape, the adhesion is poor and actions must be
taken, but if it stays on the wafer the adhesion is considered sufficient and the process can go on.

3 Thin film deposition

The deposition of thin film often refers to the deposition of material that cannot be spin coated. An overview of the
existing techniques will be given here with the one used in our process investigated in more details.

3.1 CVD
Chemical Vapor Deposition is a technique used to
conformally deposit a layer of material ranging from the o® o®

atomic thickness in the case of Atomic Layer Deposition => ce (o :> gas phase

to the pm range. As was said, this process is conformal,
meaning that the deposition of material will occur every-
where on the wafer and should fill in all cavities.

The idea behind this technique is that the material to de-
posit enters the reactor under the form of a gas. This
gas is not directly the vapor of what one wants to deposit
but rather a precursor that, upon chemical reaction at the
surface of the wafer will become the final desired mate-
rial hence the C for Chemical in CVD. The two chemical
equations here below show the typical reaction allowing to
deposit silicon and silicon dioxide:

diffusion through
boundary layer

surface processes
(adsorption, film
deposition,
desorption)

Figure 55: Principle of CVD. Illustration from [40]

SiH, ) — Sij, +2H,,, @600°C and  SiCl, +2H, — 8iO, ) +4HCl, @900°C

In these equations, one can notice the precursor on the side of the reactant and the desired species on the product side.
Other materials such as silicon nitride can be deposited as well. Figure 55 shows the basic principle behind CVD with
the introduction of the reactant and the extraction of the unwanted gasses at the output.

The rate at which a given material is deposited on a wafer will be a function of the temperature, the flow of input gas
and the probability of nucleation. The two first parameters, temperature and mass flow, are going to determine the
regime of operation of our reaction. Two cases are possible:

* Reaction controlled: As was hinted by the given temperatures in Figure 3.1, the CVD process and especially the
deposition rate is a function of the temperature. Indeed, in order for the precursor to react, an activation energy
E4 must be provided to the gas as shown in Figure 56 (a.). This activation energy usually comes from heating.
We say that we are in the reaction controlled regime when enough gas is put into the reactor, but not enough
energy. This lack of energy will not allow all the gas molecules to react and hence keep the reaction on leash. The
deposition rate should hence increase upon an increase of the temperature in the reactor.

x Mass transfer controlled: In this case the reaction is limited by the lack of reactant. Enough energy is provided,
but the reaction is slowed down by the lack of reactive molecules.

The equation here below!? in combination with Figure 56 (a.) shows the impact of these parameters on the deposition
rate tfim(2). Note the presence in the equation of the parameter Pgrown, which is the nucleation probability and the
concentration of the gas Cyas. Note that typical deposition rates by CVD are in the order of 0.1-10 nm/s
E,
tﬁhn(x) =€ ka PGrowth * Cgas (31)

Something noticeable here is that the deposition rate is a function of X. This variable X is the distance travelled by the
gas over the wafer when it is horizontal. When the gas is introduced in the reactor, it will flow above the wafer from

Y9Equation from [15]
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the entrance to the exhaust port all while reacting. What happens is that the concentration in reactant will decrease
along the length of the wafer resulting in a non uniform deposition rate and hence thickness of deposited layer. This X
parameter influences the equation by appearing in the concentration of the gas.

One way to improve on that and try to eliminate the non uniformity and variation of the gas concentration is to increase
what one calls the mean free path. The means free path, expressed here below, is the distance an atom of molecule
can travel in a gas without making any collisions. Increasing the mean free path will make possible for molecules of the
reactant further in the reactor to be used, hence increasing the uniformity of the deposition.

TRT n

A= 52 P (3.2)
where R is the ideal gas constant, T the temperature, P the pressure and 7 the viscosity. As one could have anticipated,
reducing the pressure leads to a longer mean free path. This makes sense since at lower pressure there are fewer
molecules in the chamber and the number of possible collisions decreases. Other advantages include a reduction in the
partial pressure of contaminant gasses as well as less likely reactions in the gas phase leading to precipitate falling down
on the sample and contaminating it. The list here below gives an overview of the techniques, which are classified by
their operating pressure:

x APCVD: This process occurs at A ptmospheric Pressure. The advantages are that the cost of the equipment is
reduced due to the lack of vacuum pump and that the deposition rate is higher than the other CVD techniques at
the cost of a higher gas consumption. The impact of the high pressure at which the deposition occurs is that the
mean free path of the molecules is small and hence that the deposition rate is non uniform along the wafer. The
process is typically mass controlled if done at high temperature (but the range is wide: [300-1200]°C). Another
downside of this technique is the formation and contamination of the sample by precipitate formed in the gas phase.
The throughput of this technique is also often low. Indeed, to cope with the non uniformity of the process the
wafers are often processed one by one in a shower head style reactor. The gas does not flow parallel to the wafer
but comes from above it.

* SACVD: standing for Sub Atmospheric CVD is typically done in the [1000-10] mBar range and allows to reduce
the precipitates and limit the gas consumption. The uniformity is increased compared to the previous technique.

* LPCVD: Low Pressure CVD in done in the [1-0.1] mBar range. The mean free path is in this case long enough
so that the deposition is considered to be uniform. This allows to stack the wafers in a silicate boat to process
them by batches and not one by one, resulting in an increased throughput even if the deposition rate is in general
10-100 times slower than in the case of APCVD. We are in the reaction limited regime with such reactors due to
their operation in the [400-900]°C

* PECVD: Plasma Enhanced CVD is shown in Figure 56 (a.) and its effect in ??. In this configuration the
deposition is done with the assistance of a plasma. The reactant enters the chamber and its energy level is
increased by the plasma. This means that a lower temperature can be used to maintain the reaction and hence

provides the user with an higher compatibility of usable substrate. Typical temperatures are in the 300°C region
(much lower than LPCVD).

* Other: ALD for Atomic Layer Deposition of UHVCVD (Ultra High Vacuum CVD) are other techniques allowing
to deposit layers of one atom thickness (ALD) or further increase CVD (UHVCVD). UHVCVD operates at a typical
pressure of 1072 mBar and around [500-600]°C.

4 Thermal Oxidation

As we previously saw, silicon dioxide can be deposited on a wafer by PECVD. Another technique is called thermal
oxidation. In this case the oxide layer is not deposited but grown. Indeed, the idea is to oxidise the silicon wafer and
turn the silicon in silicon dioxide. Two reactions are possible (both at 900°C):

Wet (130 nm/hour):  Si) + 2H,O(,) — SiOy ) + 2H, or Dry (30 nm/hour):Si ;) 4+ Oy 4 — SiOy,
One process or the other should be chosen by considering the compatibility of a given sample/wafer to water vapor. One
of the most important differences between the two being the growth rate as can be seen from the equation even though,
in both cases, this rate is low compared to the 10 nm/s of CVD. The difference between the rate of etch and dry thermal
oxidation comes from the fact that water molecules have it easier to penetrate the silicon and silicon dioxide layer. This
results in a higher concentration of the oxidant and hence a higher growth rate.
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Figure 56: (a.) Link between the film deposition rate, the temperature and the pressure on the activation energy (b.)
Effect of the plasma on the activation energy in PECVD (c.) Schematic of a PECVD reactor. All illustration coming
from [15]

Note that the oxidation process will increase the volume of the layer due to the introduction of oxygen atoms and that
this process consumes some silicon. This means that the growth occurs in both direction and that for a desired ¢,,
thickness, a layer of 0.45t,, is consumed. The thickness of the oxide layer can be computed using the Deal-Groove model
given by (where Z is the oxide thickness, ¢ the time, C' the oxygen molar concentration and v the the molar volume of
silicon dioxide):
Z Z?

= +

KC,wv  2DC,v
Finally, note that the oxidation rate is initially linearly dependant on the duration. However, as the oxide thickness
increases, the oxygen of water molecules takes more time to diffuse to the underlying silicon and the oxidation rate starts
to depend on the square root of the time.

t (4.1)

4.1 CVD oxide vs thermal oxide

Two techniques were introduced to produce silicon dioxide. The choice of a particular technique will depend on the
desired properties of the final oxide as well as process related questions:

x Quality of the oxide: Thermal oxide are of better quality than CVD oxide in terms of electrical, mechanical and
chemical properties. Indeed the CVD oxide often features a rougher surface, smaller breakdown voltage and also a
considerably higher etch rate than thermal oxide. About the last part, the etch rate of both thermal and PECVD
silicon dioxide in BHF was measured in the context of this master’s thesis and it was found that the first one had
an etch rate of 86 nm/min compared to >300 nm/min (probably in the pm/min range. See the process section).

x Duration: As we saw, thermal oxidation is orders of magnitude slower than CVD. Hence, if the quality of the
oxide is not too important, one could prefer a quick CVD deposition at a rate of up to 10 nm/s compared to one
at a rate of maximum 130 nm/hour (CVD VS wet thermal oxidation maximal deposition/growing rate).

* Temperature: Some materials are not compatible with the high (>900°C) temperatures of thermal oxidation.
For example, thermal oxidation stops being an option once a polymer is deposited on a wafer (it would burn).
Hence, in those case one might prefer PECVD and the associated lower temperature (300°C).

5 PVD

The PVD acronym, standing for Physical Vapor Deposition, represents another category of techniques allowing the
deposition of a thin film material. The difference with the previously introduced CVD techniques is that in this case, the
material to be deposited is put into the machine as is. A physical process, by the application of heat or ion bombardment,
will then make that material comes out from its source to be deposited on the wafer. The science behind this kind of
deposition is hence mechanical and does not rely on chemical reactions. Let’s introduce the two most commonly used
PVD techniques in this section. Note that both of them are done in the same piece of equipment at Winfab: the VST.

61



EPL UCLouvain TFE M2 2021-2022 Lahaye Loic

5.1 Thermal evaporation

In thermal evaporation, the material is placed in a crucible. Upon
heating of the crucible this material will vaporise and the vapor

molecules will travel to the wafer. | wafer |
The heating of the crucible could be done either by passing a high r

current in a wire strapped around the crucible, but the best results y

are obtained using an electron beam as represented in Figure 57. In T

this case, an electron beam is generated and aimed at the surface of L] s

the material in the crucible. The beam can either be set to target o

a specific point at the surface of the material or to be swept in a .

periodic motion. The decision to sweep the beam or not depending on

the thermal conductivity of the material to be evaporated. »

This configuration allows to reach temperature all the way up to more

than 3650K meaning that even tungsten can be deposited via thermal °? .

evaporation. This also means that an e-beam evaporator would be :::..... .'ll= |

able to deposit all material featuring a lower vaporization point. This :::: ."0:333 E;;gonun
includes gold (1063K), copper (1088K), platinum (1770K) and so on. 'u:. I:::: 9
This explains why this technique is widely used to deposit thin metallic e c:.ml:la

films.

As was the case for CVD, the pressure has a important role in
thermal evaporation. Typically, a thermal evaporation process will
either require an HV (10~7 torr) or UHV (107!! torr) environment in
order to work. This low pressure indeed makes the vaporization/vapor
generation easier.

Figure 57: Principle behind thermal evapora-
tion. The illustration is the specific case of elec-
tron beam heating. Ilustration from [40]

Each material (be it metal, water or other) has what is called a specific

vapor pressure. This vapor pressure expresses the will or tendency of a molecule to come out of the liquid or solid phase
to enter the gas phase. At any time, and for any material, a continuous exchange of atoms from the gas to the liquid or
solid state (and vice versa) takes place. Hence, the higher the vapor pressure, the higher the vapor flux will be.

As one could however guess, the vapor pressure of a metal is relatively low compared to the one of, let’s say, water. This
explains why it is easier to vaporise water compared to a metal. The equation here below links the generated vapor flux
as a function of this vapor pressure and the pressure inside the chamber:

aN4(P, — P)

b, =
2t MRT

(5.1)
where we have: P, and P the vapor pressure of the considered material and the pressure in the chamber, N the
Avogadro number, M the molar mass and R and T the ideal gas constant and the temperature. From this equation, the
impact of the chamber pressure can clearly be seen. Indeed, as the pressure lowers, it becomes easier for the atoms to
enter the gas phase and the vapor flux increases. Hence, having a low pressure in the chamber is a way to increase the
flux and hence the deposition rate. Note that increasing the vapor pressure is another way, but this also means changing
the material which is here not the goal.

High vacuum is hence mandatory in order for thermal evaporation to work. One side effect of this is that, especially
under UHV, the mean free path X of the generated gas molecule will be of approximately the length of the reactor (meter
range). This mean free path is the same as the one already introduced in the CVD section. As we saw there, reducing
the pressure leads to less interaction between the gas molecules and hence a longer possible straight path without any
collision for the molecule. This provides the thermal evaporation process with one particularity that one must take into
account: its lack of conformality in the deposition.

As the material vaporizes, the atoms will leave the crucible following a straight line as shown in Figure 57. Since the
mean free path of the gas molecule under UHV is approximately of the same length as the thermal evaporation chamber
this means that the angle of incidence of the incoming atoms when they arrive at the wafer will be very high. This
makes for a very directional deposition that could be at the origin of a shadowing effect and hence poor step coverage.
To deal with this limitation, the wafer are installed on a planetary system that rotates them and hence makes the angle
of incidence of the arriving atoms more random, improving the step coverage.

Also, note that atoms arrive on the wafer with very little energy. Their only energy comes from the heat they got from
the electron beam to leave the crucible. This means that they will not impact the wafer with a lot of kinetic energy. This
is both positive and negative. The good news is that the wafer will not be heated making this process compatible with
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a lot of materials, but the bad news is that the arriving atoms will not be able to knock off any loosely bounded atoms,
hence limiting the adhesion. A cleaned wafer is hence paramount to ensure proper adhesion of the deposited layer?°.

5.2 Sputtering

In sputtering, no evaporation is required. The process consist in
the bombardment of a target (made of the material to be deposited)
by highly energetic ions. Two main kinds of sputtering are possible:

Self-bias capacitor

x DC: In this case, the target is connected to a negative DC
voltage (cathode) while the substrate is connected to a positive
voltage (making it the anode). The increase of this DC volt-
age generates a plasma in the chamber. Upon the introduction

Vacuum lpump
{2)
&/

of a gas, such as argon for example, positive and negative ions Plasma
will be generated due to the gas breaking down in the plasma
(Ar — Art +e7). The positive ions will then be accelerated Wafer

by the strong electric field and collide with the target. Since
the electric field involved in sputtering is high, the ions hits the
material with a lot of kinetic energy and hence strip atoms from -
the target (a bit like when one sands his car to strip rust). The

ejected atoms will hence be ejected toward the substrate and de- Figure 58: Concept behind sputtering. Illustra-
posit on it. An issue with DC sputtering is that it only works tion from [50]

with conductive materials. Indeed, if the target is an insulator,

the positive ions colliding with it will have nowhere to go and will stay there. This results in a charging of the target,
a decrease of the negative DC bias and, in time, the death of the plasma?'. This explains why DC sputtering can
only be used for conductive targets (to evacuate the positive charges arriving on the negative target and maintain
the high electric field between the target and wafer).

* RF: To overcome the charging of the target, RF (Radio Frequency) sputtering was introduced. This technique,
allowing the use of insulating materials as the target, generates its plasma using an RF source. This high frequency
RF source is connected to the target through a self bias capacitor and is tasked with the generation of the plasma.
At high frequency though, the positive ions are too heavy to follow the quickly alternating field. On the other
hand, the electrons, being much lighter, can and will impact the target and the wafer alternatively. Due to the
self biasing capacitor, electrons will accumulate on the target and hence create an electric field allowing for the
attraction of the heavy positive ions toward it. The rest of the process is the same: the high energy collision strips
atoms from the target that fly toward the wafer. Figure 58 illustrates the technique.

The highly energetic collisions between the ions and the target means that the stripped atoms will be ejected at high
speed and hence also hit the wafer with a high speed and hence high energy. This comes with both a good and a bad
side. The good thing is that the high velocity incoming atom will be able to strip loosely bounded atoms from the surface
of the wafer. The sputtering process self-promoting its adhesion. The negative side however is that, as a function of the
settings of the field and material to be sputtered, the collision between the atoms and the wafer could generate a lot
of heat hence requiring cooling of the wafer, should it carry materials not able to handle high temperatures (300°C or
more).

The sputtering process allows for deposition of metals as well as dielectrics and has a typical deposition rate of 1-10
nm/s. This process, by its principle, does not require the assistance of a high vacuum. This means that, if the vacuum is
not pulled, the incident atoms can make a lot of collisions with the molecule in the chamber due a short mean free path.
This means that the incident angle of deposition is random and hence a good step coverage is possible. The deposition is
not directional and no shadowing should occur. In practice, however, both thermal evaporation and sputtering are done
with the same equipment meaning that vacuum is also pulled from sputtering which can help increase directionality.

6 Wet etching

Wet etching is a process during which a wafer is submerged in a liquid etchant. The nature of this etchant as well
as the properties of the etch will depend on the material to remove and the compatibility of the etchant with the rest of
the materials present on the wafer. Here are different techniques and considerations.

20 Application of HMDS is a bit useless because in practice the machine takes hour to achieve the desired level of vacuum leaving plenty
of time for the effect of HMDS to wear of. One could argue that during pumping, water gets pulled out of the system and hence HMDS is
useful. This is also true. I do not have a definitive answer here except that too much precaution is never a bad thing in microfabrication.

21No plasma no ions, no ions no collisions, no collision no deposition, and no deposition... no deposition
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6.1 Silicon

As we saw in the state of the art, silicon can either be
monocrystalline, polycrystalline or amorphous. The last

Lahaye Loic

two types of silicon, by the lack of crystal structure on the [HF] Tempera-
long range will both etch esoterically (in all direction). ture depend-
Monocrystalline silicon, on the other hand, features an ence of the
anisotropic wet etch characteristic when exposed to KOH. etching rate
This particular aspect of silicon was already seen in sub- —
subsection 1.3.1 and will hence not be repeated here. Let’s
however look at another technique used to etch away sil- selec-
icon, but in an isotropic way. Since this technique was .
o . ) . . tivity to
not used in this thesis, only a quick overlook will be given T
here. [50] or [40] should be consulted for more details. 0, In-

. e . . creases
Monocrystalline silicon can be etched away isotropically

by a technique relying on oxidation. Two methods are
possible, the first one relying on a succession of thermal
oxidation followed by a conventional BHF etch of the sili-
con dioxide or by using a solution made out of nitric acid
HNO,, hydrofluoric acid HF and acetic acid.

Alone, none of them etche away silicon. However, diluted
nitric acid has the potential to oxidise silicon. The oxide
being later etched away by the hydrofluoric acid (the acetic
acid is here to improve wetting of the wafer. Indeed, SiO,
is hydrophobic). The amount of both nitric and hydrofluoric acid will determine the etch rate of silicon and a triangular
type diagram can be drawn as was done by MicroChemicals in Figure 59. Note that this technique offers no selectivity
toward silicon dioxide.

[H,0] (+ [CH,COOH])

[HNO,]

Figure 59: Etching triangle of silicon by [51]

TMAH (Tetramethylammonium Hydroxide)) can also be used to isotropically etch away silicon. Even if the process
does not feature a perfect isotropy (30:1 for the (100):(111) crystal plane) as the previous technique, it comes with a
selectivity of 2000:1 toward silicon dioxide and an etch rate of 0.5 pm/min. This technique is also the most common in
cleanrooms.

6.2 Silicon dioxide

As we already saw, silicon dioxide can be etched away by hydrofluoric acid. The already-seen chemical reaction:

Si0s + 6HF — H3SiF + 2H>0 @25°C and 49% HF (6.1)
is the reaction allowing the dissociation of silicon dioxide and hence its etching. A typical concentration like the one
shown in the equation does however feature a very high etch rate making it impractical to use. In addition, the very
low PH of HF makes it incompatible with conventional resist masks used for wet etching applications. Hence, in order
to have more control on the etch rate and make this wet etch compatible with photoresist, a solution has been devised:
BHF

Before even looking at what BHF is, let’s take a look at how the etching reaction occurs. When put into a solution, the
hydrofluoric acid splits into both H* and F~. The species responsible for the actual etching process and hence dissolution
of the silicon dioxide being the HT. From here, one can understand that to reduce the etch rate of the process, some
H™ ions should be removed. This is done by the addition in the solution of ammonium fluoride NH,F in a ratio of 6:1
to 10:1 (40% wt NH,F and 49% wt HF). This particular mix results in what is called BHF or Buffered HF where the
NH,F acts as a buffer to reduce the etch rate.

When added to the solution, the ammonium fluoride will dissociate in both NH; and F~. This excess in F~ will shift
the reaction equilibrium and lead to a decrease in HT ions. This can be understood by looking at the equation of the
reaction constant of the HF dissociation: N
[H]"[F] 4

K=——=—=6.7%x10 6.2
This reaction constant will dictate the possible concentration of the different species in solution. Hence, since adding
NH,F adds an excess in F~, the only solution to keep the above equation true is for the concentration in H to decrease.
This decrease will translate into an effective reduction of the etch rate of silicon dioxide (in the order of the pm/min at
25°C for CVD silicon dioxide).
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Another benefit of BHF is that its PH is also higher than the one of conventional HF, meaning that BHF can be used
with classical resist masks.

6.3 Aluminum

Aluminum can be wet etched by almost all of the silicon etchants. For instance, KOH etches away aluminum at a
rate of 60 nm/min for thermally evaporated aluminum and 400 nm/min for sputtered Al-Si. This implies that all the
processing steps of the silicon must be done prior to the metallization of the wafer. If this is not possible in the context
of a given process, care must be taken to protect the aluminum. Such care could take the form of protection of the
aluminum by covering it with resist. [52]

The opposite, however, (etching aluminum but not silicon) is possible. Indeed, a common aluminum etchant is phosphoric
acid H;PO4. This acid is a very good etchant of aluminum with an etch rate of >500 nm/min for thermally evaporated
aluminum and of almost 1 pm/min for sputtered Al-Si according to [52]. One major advantage of this etchant is that it
features a virtually infinite selectivity to silicon (once again [52]).

Note, however, that this process is isotropic so the width of the aluminum traces should be designed with in mind the
desired thickness of the traces. Indeed, because of the under etch, a 1 pm wide and 2 pm thick trace is not possible.
This is well illustrated in the failed wet etch attempt of our process.

7 Dry etching

Dry etching refers to all techniques used to etch away a material by the use of a gas or a plasma. Three techniques
could be highlighted:

x Isotropic: This technique relies on the use of a gas as an etchant, but without the assistance of a plasma. A well
known example would be the use of XeF, to etch away silicon. This process is not driven by ion bombardment
and no sidewall polymerisation occurs. The result is a high level of isotropy and under-etch should be considered
while designing the traces and features of a micro device.

* 2XeF2(g) + Si(s) — 2Xe(g) + SiF4(g)

x Anisotropic: In this case, which is illustrated in Figure 60, the etching process is dominated by ion bombardment.
The substrate is connected to an RF source generating a plasma. The plasma will break the argon molecule (for
example) introduced in the reactor and the positively charged ions will be accelerated toward the wafer hence
etching it. The anisotropy comes from the fact that this process is purely mechanical. This technique hence does
not rely on any chemical reactions and is shown in Figure 60. Note again the presence of the self biasing capacitor
allowing the wafer to charge negatively??.

x RIE: The previously cited example is however not very efficient. In practice, one would prefer to use reactive
species to increase the etch rate. In Reactive Ion Etching, reactants are added at the input and, upon ionisation
in the plasma, will generate reactive radicals able to etch the desired material. Down below is an example for RIE
of silicon using the CF, gas. Note that pure RIE (and not DRIE/Bosh or ICP) does not rely on ion bombardment.
The etch profile is hence highly isotropic.

* CFy+e” — CF; +F +e”
* Si+4F — SiF,

x+ DRIE: In this case, the bias of the wafer is not done by a self biasing capacitor, but by a separated DC source.
The voltage applied on the wafer is hence the sum of an HF RF voltage and DC bias. This allows to tune both the
intensity of the plasma and the intensity of the ion bombardment. Indeed, Deep Reactive Ion Etching is different
from RIE in the sense that both mechanical and chemical etching are featured. A typical DRIE process for silicon
would involve the introduction in the reactor of two gases: SF; and C,F;. The first gas being the etchant and the
second one, called a chlorocarbon gas, allowing to control the level of anisotropy by controlling the polymerisation
point. In the plasma, both gases will break down. Three phenomena then take place:

* Chemical isotropic etch: The generated F radical will chemically and isotropically etch away the silicon

* Anisotropic ions bombardment: The ions accelerated by the field induced by the DC bias will collide
with the wafer, hence mechanically etching it. This part of the process is the reason for the D in DRIE. This
letter meaning Deep. Indeed, the accelerated ions have the possibility to go in deep tranches.

22 As in sputtering. The difference being that here the wafer is the cathode.
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* Polymerisation: The generation of carbon radicals from the C,Fg will induce a polymerisation process at
the surface of the wafer and on the sidewalls of etched trenches. This wall polymerisation protects the wafer
against lateral etching and hence increases the anisotropy. By fine tuning of what is called the polymerisation
point, an equilibrium between the deposition of polymers on the wall and its etching by ion bombardment
can be found resulting in an anisotropic etching of the material. The etching of the bottom of the trench is
not made slower since the bombardment of ions perpendicularly to the wafer is highly energetic. Polymer
deposition elsewhere than on the walls (where the bombardment is less intense) can be considered null or not
significant. A well developed example of DRIE would be the BOSH process.

x ICP-RIE: Up to here, we have considered that the wafer was connected to the RF source for plasma generation
and (in the case of DRIE) to a DC bias for ion bombardment. However, in practice, it is not rare to decouple the
generation of the plasma from the biasing. A possible path is to go for an Inductively Coupled Plasma generation
such as what we have in the Corial at Winfab. In this case, the plasma is generated by a coil surrounding a ceramic
reactor. This allows to decrease the temperature of the wafer during etching, in addition to having a fine control
of the plasma in terms of both its position and power.

I'_—',—

negative|voltage bias

TRF

Figure 60: Principle behind anisotropic dry etching. Illustration from [50]

8 Photolithography

Lithography is a process during which a design/pattern is transferred from a reference to a desired substrate. The
most well-known type of lithography uses a light source to expose a photoresist and then, upon development, reveals the
drawn pattern. This specific kind is called photolithography.

The basic principle is as follows: a layer of photodefinable resist is laid on top of the wafer one wishes to transfer the
pattern on. Once done, the light is shone through a photomask. The photomask carries the reference design and will
block or allow light to pass through and hence define the exposed zones of the resist underneath. Let’s look at the
different parameters and considerations to bear in mind for a photolithographic process.

8.1 Mask design

The masks are, as was told, what carry the reference design. They allow to define a pattern at once via photolithog-
raphy by blocking or allowing light through. This allowing for a high throughput of the process.

The alternative of using masks would be to etch the pattern, using for instance direct writing, which takes hours. This
direct writing is hence preferably used to build a photomask. This mask starts as a piece of chromium covered glass.
The chromium being the layer in which the pattern is engraved. Here are some considerations about photomasks:

x Polarity: A mask can either be a dark- or lightfield. In the first case, the mask is completely covered in chromium
in which openings for the design are etched. A lightfield on the other hand is completely transparent, except for
the pattern which is in chromium. The mask for the metallization is shown in Figure 74. This mask is an example
of lightfield. The decision to use a dark- of lightfield mask should be done during the definition of the process and
in accordance to the resist to be used.
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x Alignment mark: Often many photolithography are required in order to complete a design. One step do define
the silicon pattern, one to define the metal traces and so on. Hence, alignment marks like the one shown in the
process part of this thesis should be included on the mask. Those are used to align a new mask on a previous
pattern. In the case of a darkfield mask, windows in the hundred of pm in width should be added allowing the user

to see through it. Indeed, in photolithography, the mask is placed above the wafer to expose.

8.2 Type of resist

Photoresist is the resist used for photolithography. This kind of resist reacts
with the exposure light and can be of two sort: positive or negative. In both cases,
the incident light will induce changes in the polymer bounds of the resist. In the
case of a positive resist, upon illumination, bounds will be broken down and the
resist will become more soluble where exposed. The negative tone ones do the
opposite: when illuminated, new polymeric bounds will be created making the
resist less soluble where exposed. This is shown in Figure 61.

The amount of light and hence energy required for a sufficient modification of the
chemistry of the resist is what one calls the exposition dose. This dose, expressed
in mJ/cm? is given by the manufacturer and changes from resist to resist. For con-
ventional positive and negative tone ones, the range is between [150-200] mJ/cm?
(but this will fluctuate as a function of the resist and its spin coated thickness.
The thicker the resist, the more energy will be required. Values out of this range
are not excluded at all.)

By the nature of the reaction of polymerisation, positive and negative tone resists
will feature sloped angled walls. For example, considering positive tone resist, the
resist at the surface will receive a higher dose that underlying one. Hence, more

Figure 61: Positive (Left) and neg-
ative (Right) photolithography. Il-
lustration from [40]

polymer bound will be broken near the surface than near the bottom. This will translate in practice in inward angle
walls (narrower at the bottom near the wafer and wider at the top). This is also shown in Figure 61.

Finally, note that the polymer is carried in a solvent to allow for the resist to be spin coated. A typical processing cycle

for such resist would be:

* Spin coating: The resist is spin coated on the wafer accordingly to the datasheet. The final resist thickness and
hence exposition dose is determined by the rotation speed. This thickness to rotation speed relation is given by
what is called a spin curve, which must be provided by the resist manufacturer. Spin curves for the used polymers

in our process are given in Figure 63.

l—%' <« —>
Resist dispensing Acceleration Final spinning 5000 pm
(a few milliters) (resist expelled) (partial drying via evaporation)

Figure 62: Illustration of spin coating. Illustration from [40]

x Soft bake: After the spin coating, the resist is still in a liquid form. In order to allow the wafer to be further
processed, the resist must go through a soft bake. A typical baking of 90 seconds at 90°C is performed to drive out

most of the solvent and make the resist cured enough for further processing.

x Exposure: The resist is exposed to light through the mask for pattern generation.

PEB: The Post Exposition Bake allows to cure the exposed/non exposed resist (in function of the tone) and make
it non soluble. The exposed/non exposed part will be insensitive to this step. The post exposure bake allows the
resist one wishes to keep (again depending on the tone) to become more resistant during the development. This
bake typically lasts 90 seconds at 110°C.

Development: A mild base is then used to strip away the soluble resist. The pattern becomes visible during this
step.
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x Hard bake: An hard bake of 120 seconds at 130°C is then done to fully cure the resist by drying out the remaining
solvent. This makes the resist more resistant for further processing steps such as wet or dry etching.

% Once the resist mask has been used, it can be stripped away by acetone or in an oxygen plasma (barrel).

8.3 Resolution

The achievable resolution of a photolithographic process step is a function of both the light source, dose and distance
between the photomask and wafer. The impact of the light source is directly linked to its wavelength. In conventional
photolithography, the energy transferred to the photoresist for the polymeric reaction comes from the energy of incident
photons. Typically, the sent wavelengths are in the UV part of the spectrum with the most common wavelength being
of 365 nm.

However, UV remains light. This means that diffraction on the mask will impact the achievable resolution of the process
according to:
Line Width = y/A(g + d/2) (8.1)

where the linewidth is the smallest achievable width for a given wavelength A, resist thickness g and air gap d between
the mask and wafer. Hence, for a conventional wavelength of 365 nm, a typically achievable linewidth would be of around
one micro meter depending on the air gap. This means that features drawn on the mask that are smaller than that won’t
be printed on the resist.

Reducing the wavelength and hence the diffraction of light on the mask traces/features leads to a bump in resolution,
but at a high cost. The associated processes are Deep UV, x-ray and e-beam exposition.

The cheaper way to get the best possible resolution being:

* Decreasing the air gap: This defines the exposure position. Hard vacuum, hard contact and soft contact are
common positions where the wafer is respectively further and further away from the mask. The best resolutions
are obtained when the wafer is pulled against the mask by a vacuum. However, this often comes at the cost of
mask contamination by resist or resist peeling from the wafer if the adhesion was not properly promoted.

x Decrease the resist thickness: A typical resist thickness is in the sub micrometer to one micrometer range. This
gives us a resist layer thick enough to deal with ion bombardment for the duration of most dry etching processes.
Reducing it could lead to an increased resolution, but at the cost of a less resilient resist mask.
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Figure 63: Spin curves for the polymers and resists used in our process (a.): Polyimide P12545. Tllustration and product
by [44] (b.): AZ nLOFF 5510 negative tone photoresist. Illustration and product by [53] (c.): AZ MIR 701 positive
tone photoresist. Illustration and product by [54]

9 Grinding

Back grinding is a method used to remove layers in the order of the hundred of micrometers from the wafer to
"quickly" make it thinner. For example, in our process, the wafer were thinned from 750 pm to 300 pm in four hours.
The advantage of this technique is that it allows for a fast reduction of the wafer thickness, but at the cost of massive
crystal damage that can extend as deep as 20 pm below the grinded surface.

This process involves a rotating grinding wheel rubbing against rotating wafer and can achieve a typical etch rate in the
order of a micrometer per minute.
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Extra care should be given to the preparation of the wafer in order to protect the non grinded face. A layer of protective
resist is commonly spin coated on the wafer before applying a thick layer of adhesive protective plastic. Protection of the
non grinded face of the wafer is paramount due to the fact that the wafer is held in place by vacuum on a porous rock
chuck. Note that good cleaning of the wafer after grinding is also crucial since the wafer will be highly contaminated by
dust.

10 Profilometer

The profilometer is a characterisation device allowing to measure the profile and
topography of a wafer. It can hence be used to measure not only steps induced
by structures on the wafer but also to measure the curvature of the complete
wafer. A concrete example of why this could be of interest is to easily compute
the stresses generated by the deposition or removal of a layer of material from the
wafer. Indeed, each material features an intrinsic compressive or tensile stress. For
example, cured spin coated polyimide generates a tensile stress of [50-200] MPa
[44]. The addition/removal of material from the wafer hence changes its curvature.
By measuring it before and after processing, one can compute the stress in the film
as:

1 1 Figure 64: Schematic representation

Ey  t?
" 5 (10.1)  of 5 profilometer. Illustration from

6(1 — eta) E (R RO) 0]
where Ry and R are the initial and final curvature, ¢5 is the substrate thickness, ¢; the film thickness, F, the Young’s
Modulus of the substrate and 7 its Poisson coefficient.

g =

A profilometer works by dragging a magnetically suspended needle across the wafer. The variation in the needle height
being sensed by a coil which generates the measurement. The principle of operation is, to an extent, similar to the way
a record player works.

11 Ellipsometer

A ellipsometer is a device used to measure the thickness of trans-
parent or translucent material. It works by shinning a laser at a precise

. 1
angle at the wafer and sweeping the light source’s wavelength. The Lght source | Detecto,
light is then transmitted, reflected and diffracted by the different lay- !
ers of material making up the stack of the wafer. A sensor will then !
measure the amplitude, phase and polarity of the transmitted light. Polarizer I Analyzer
Prior to the measurement, the layer stack of the wafer, an approx- Compensator o Compensator
imation of the thickness of each layer, and their optical properties (optional) ' (optional)
should be known. The computer will then make an estimation of the
diffraction pattern and will try to fit the measurement to the estimated Sample

curve.
Figure 65: Schematic representation of ellipsom-

A successful ellipsometric measurement can not be made if the optical
- 1 CIDSOTERTC INCAsUTCHent can 1 made i etry. Illustration from [55]

coefficient of the material are not known. Indeed, many combinations
of thickness, stack and diffraction coefficients might give the same
measured curve. In most cases, the stack and optical parameters are known. This allows the computer to only having
to fit the measure and estimation curve by sweeping the thickness of the stack’s layers.
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Part TV
Process

Now that the design of the pixels and membrane has been discussed, let’s look at the micro and nanofabrication
process devised for this master thesis. To keep the document readable, the process in itself has been decorrelated from
the explanation of the fundamentals of each used technique. All the techniques are presented in a generic way in Part III.
This is done so that this section can focus on what was effectively done in the cleanroom without getting tangled in
theoretical considerations.

This section will hence start by looking at the different processes that have been considered for this thesis and will then
proceed to a complete run-through of the work that was done in the cleanroom of UCLouvain: the Winfab.

1 The choice of the initial wafers

The first thing to consider was the type of wafer to be used. As explained in the state of the art, the reference article
[1] uses thinned monocrystalline silicon (10 nm) which is the top layer of an SOI wafer. In our case, as was already
explained, using thin silicon would have proven to be challenging both in terms of manipulating/processing such a thin
layer, but also in the way such a layer was obtained.

Indeed, what the team did was use a succession of thermal oxidation of the silicon and then etching of the silicon dioxide.
Reducing the thickness of the silicon to under 100 nm would have been possible at Winfab using the KOYO1 and then
performing a BHF wet etch. The issue with that, as with many other problems in micro- and nanofabrication, is that no
recipe exists at Winfab to do that step in a controlled manner. A process should have been designed and it was decided
very early on that we should instead start the process with a standard non altered SOI wafer to save some time.

The choice of the silicon on insulator wafer themselves was tailored by the available stock at UCLouvain. At the beginning
of the process, wafers featuring a top silicon layer of 150, 300, 500 and 700 nm were available. The final decision was
taken to go for the 300 nm one because the stock of 150 nm top silicon SOI was low and that 300 nm thick was hence
the thinnest top silicon available. The wafers, taken from the stock of SOItech hence feature a top silicon layer of 300
nm with a {111} plane crystal orientation. The different crystallographic orientation can be seen in Figure 38.

As we will see, the process being long and featuring different variations, four wafers were ordered and named SOI1, 2,
3 and 4. The idea was to have three of the wafers go through the SP1 and SP2 processes and one go through the SP3
process. However, as we will see, the SP3 process was dropped and hence, in fine, all wafers went through the SP1 and
SP2 processes. This high number of wafers does however allow us to make mistakes. Since processing takes a lot of time
it would be too risky to only process one wafer. Should it be ruined at the end, the entire process would have to be
rebooted from scratch. The time available for a master thesis leaving not a lot of room for process issues, having several
wafers gives the opportunity to the operator to make mistakes and not worry about losing one wafer in the combat.

As we know, the crystalline orientation of silicon will influence its response to strain. One test that we wanted to make
was to see how polycrystalline silicon would react when strained. For this reason, the decision was taken to manufacture
what is called in French: "Des SOIs du pauvre” that one could call in English: "The poor man’s SOI". The subsection
here below details the fabrication process of what we will call HMSOI.

1.1 Homemade SOI manufacturing

To asses the effect of strain on polycrystalline silicon, what we did was to manufacture DIY (Do It Yourself) SOI
wafers. The idea was to replicate the real SOI that we got from SOltec.

The first thing to do was hence to take some measurements of those real SOIs prior to the design of a process recipe.
The wafers were measured using the ellipsometer (the bulk thickness was measured in a vise). The results are shown in
Table 6. The expected values from the datasheets were respectively for the top silicon, BOX and bulk of 0.3, 0.1 and
725 pm. The measured values hence matching our expectations.

Figure 66 shows a schematic view of the process used to build our HMSOIs. Here are some details:

x Wafer preparation: The initial wafers used for this process are 3 inch monocrystalline bulk silicon ones. Their
thickness was measured using a vise and found to be of 380 pm. This thickness difference with the SOI is however
not critical since both the SOT and HMSOI will, in term, be grinded down to 280 pm (step 9 of section 2). Also
note that (seen from the flat position of the bulk silicon wafers) the top crystal plane orientation is not the same
as the one of the true SOIL. This is irrelevant here due to the fact that the goal is in any case to have an active
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top layer of poly-Si. The wafers were marked using a diamond needle?® with their names for future reference. The
wafers then went through standard cleaning which is mandatory prior to entering the KOYO01 furnace.

x Wet thermal oxidation: Wet thermal oxidation was used in order to produce the BOX of our DIY SOI. Oxidation
was preferred over CVD deposition since the BOX of conventional SOIs are made of thermal oxide. Since our goal
was to gimmick the 1 pym BOX of our real SOIs, the wet option was chosen to save some time. The maximal
achievable oxide thickness using the Winfab’s KOYO1 being 600 nm, this is the final expected thickness. In
practice, through ellipsometric measurement, the real thickness was found to be of approximately 540 nm, meaning
a deviation of 10% from the expected thickness. This thickness was obtained after a four hour long wet thermal
oxidation at 950°C hence an effective deposition rate of 135 nm/hours which is in line with what was said in
section 4. Note that the consumed thickness of silicon is here negligible in comparison with its 380 pm thickness
(we have in theory consumed 0.45¢,, = 0.45 * 540 = 240 nm of silicon or 0.06% of silicon). Also note that both
sides of the wafers were oxidised.

x LPCVD: What was left was to deposit a 300 nm thick layer of polycrystalline silicon on top of the wafers. This was
again done in a KOYO, but this time the KOYO2. Again, the wafers were placed in the KOYO after a complete
standard cleaning (but without a HF bath to avoid removing the just grown silicon dioxide). The deposition, on
the top of the silicon dioxide, was done using a standard recipe stored in the KOYO1, which called for a deposition
at 620°C. The exact duration of the deposition itself is hard to determine due to the pumping time and transfer
time in and out of the furnace, but could be estimated to fit in the [0.5-55] min range due to a deposition rate of
[0.1-10] nm/s. The final value measured with the ellipsometer is given in Table 6. The LPCVD process occurs on
only one side of the wafers.

These wafers are a copy of the real SOIs featured in our process. They will hence follow the same route as their cousin
true SOIs. Also, to come back to the discriminating name of "Poor’s man SOI" let’s say that the price of each of these
HMSOIs was estimated to be of around 180€. This estimation takes into account the price of the initial bulk wafer
(11€) and the cost of each process step. All the pricing came from an internal web page of the Winfab website. All
things considered, these wafers cost around 80€ more than store bought SOIs which are around 100€ (still not taking
into account the time of the involved personnel).

Finally, the complete derailed process with every single little step is given in section 1.

Initial Bulk wafer Oxidized wafer Final SOI
m | | LPCVD |
oxidation (poly-i)
(Koyol)
p Step 1 Step 2
T_O 3inches _p> _p’
View
300 nm
Cross Step 1 Step 2
View
Bottom Step 1 Step 2
RV —_— —_—
View

Figure 66: Fabrication process to build homemade SOI wafers

23These are like pencils with a pointy diamond head that is used to engrave wafers
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SOI_1|SOI_2|SOI_3|SOI_4 | HM_SOI_1 | HM_SOI_2 | HM_SOI_3
Top silicon [nm)] 303 303 303 302 329 330 331
BOX [nm] 1050 1050 1050 1050 542 543 544
Bulk [pm] 725 725 725 725 380 380 380

Table 6: Initial thicknesses of the SOI and HMSOI wafers. Used ellipsometer coefficient for the silicon dioxide: Ny = 1.452
and N7 = 36

2 Considered process design

Now that all the wafers are ready to go, let’s start by taking a step back to look at what we have to build. When
zooming out of all the design details about the thickness of the membranes, the doping of the transistors and so on, the
goal of the here introduced microfabrication process is to build the following device:

"Set of doped silicon pixels with aluminum interconnects on a polyimide membrane"

Three different versions of the process have been considered for this master thesis. They can be described as follows and
the final devices can be seen in Figure 67:

x SP1: Sub Process 1 has been designed in order to be compatible with the rectangular dies featured on the mask
and visible in Figure 42. The idea for these dies was for them to follow the SP1 process almost all the way to
the end. Indeed, once the polyimide spin coated and the wafers diced, the SP1 and SP2 processes part ways.
From there on, the rectangular dies should have been bound to a layer of gelPak for structural integrity before
etching away all of the remaining bulk and then all of the BOX. The final result would have been stripped of
plastic carrying the polyimide membrane embedding the pixels and electrical connections. The contacting of the
pixels would have been made from "underneath” the device. Indeed, the contact would have been covered by the
polyimide and gelPak from the top while being accessible from the bottom due to the complete removal of the
BOX and bulk. This process variation allowing for the fabrication of completely flexible dies.

x SP2: This process is, as was said, the same as the previous one all the way to the end. Indeed, at the end of this
process, an under etching hard mask of aluminum is built to allow etching away the bulk and the BOX only below
the membrane. This means, as one can see in Figure 67, that the dies will be made of a flexible and free standing
polyimide membrane with a "thick" 280 pm bulk silicon frame (the remains of the SOI stack to be precise).

* SP3: The SP3 process was scrapped and hence not developed /validated for this thesis. The final possible config-
uration is shown in Figure 67, but is only here as an illustration and to start a potential discussion for another
process. The goal of the SP3 was to use the 1 mm in diameter membrane designs that one can see in Figure 42
to build a silicon dioxide membrane. A layer of silicon nitride would have had to be deposited as passivation to
reduce the compressive stress of the silicon dioxide.

Note that, as one can see in section 12, all three proposed processes share the same beginning at least up to step number
8.

3 Execution of the SP2 process

In this section, the execution of the SP2 process will be demonstrated. This includes, but is not limited to: the
explanation and justification of the process steps, the parameters and settings as well as measurements, results and
discussion. Let’s start with an overview of what is ahead of us:

3.1 SP2 process overview

The process to be followed is illustrated in section 12. A total of 18 steps modifying the stack (the succession of
layers) have to be performed. However, if one only looks at the main process steps, we end up with the following list:

* Fabrication of the pixels in the top silicon. Step 1 and 2 on the schematic
* N doping of the pixels. Step 3 and 5 of the schematic. !

* P doping of the pixels. Step 4 of the process schematic!

* Contact opening prior to metallization. Steps 6 and 7 of the schematic
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Figure 67: Comparison between the final device obtainable via the SP1, SP2, SP3 processes. (Left) Loose flexible dies
(Middle) Free standing membranes on a thick silicon frame and (Right) Passivated silicon dioxide membrane

x Photolithography 5: Metallization of the wafer. Definition of the electrical contacts. Step 8 of the schematic

*

Wafer thickness reduction: The wafers are thinned by back grinding. This is step 9 of the process

*

Photolithography 6: Back side metallization. Step 10, 11 and 12.

* Polyimide spin coating and contact opening. Step 13 and 14.

*

End steps: Dicing and membrane release.

Where Green is for the completed process steps, for the attempted process steps and Red for the process steps
remaining. All these steps justify the number of masks (6) that we had to design. Indeed, each photolithography requires
a custom mask to transfer the design on the wafer. In our case, we have six masks and seven photolithographies, because
the fourth and fifth ones share the same one. The masks used in this process are given here below in Figure 68 in order
of appearance.

One last comment before starting the description of process. The schematics and descriptions that are given here below
only present the most important operations. The real life process has over 80 individual steps including the processing
of test wafers, cleaning and characterisation. A typical process is described by the combination of a schematic and a
step-by-step detailed list of every single small processing steps with all the parameters and comments. This description
is the real life process that the wafers go through. It is given in section 2.

23Note that on all of the schematics of section 12, the P doping comes before the N doping. In practice the opposite was done (N then P)
because we had difficulties deciding on a P doping level. The order of the doping does not alter the performance in any way
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Mask in use order

(1): Structure denomination (NIN, PI, ...) on the masks may be inconsistent since new masks were added/designed after the initial order. NIN/PI became NPN/PN and intrinsic resistor became P doped

Figure 68: Masks used in the SP2 process by order of use.

4 Photolithography N°1: Silicon pixel definition

This first step of the process concerns the fabrication of the silicon pixels in the top layer of the SOI and HMSOI
wafers. This part illustrates the steps 1 and 2 of the process schematics and runs from step 1 to 14 in the complete
process sheet. We start with the SOI and HMSOI wafers. Let’s start with the first photolithography.

4.1 Lithography 1

The goal of this step is to transfer the pattern for the silicon pixel onto the wafer. Since this is the first lithography
to be done, here is the protocol followed to prepare the surface/promote the adhesion of the resist (this procedure was
then done for all the other photolithographies and will hence not be repeated):

x Standard cleaning: Two baths of piranha solution and a bath of HF to remove organic contamination and the
layer of native oxide (a native oxide is naturally created in a matter of minutes on top of air-exposed silicon).

x Nitrogen degassing: Quick degassing in the TEMPRESS for 15 minutes at 800°C under a 1.5 lmin flow of
nitrogen.

x+ HMDS application: a 30 minutes process during which gaseous HMDM is applied on the surface of the wafer.

With the wafers ready, it was time to apply the photoresist. The mask featured in Figure 68 was bought as a lightfield.
This means than what is drawn translates in chromium drawing on the real mask. The goal of this photolithography is
to cover the regions where the pixels will be and hence protect them from the etchant coming just afterwards. Since the
mask is a lightfield and that we want the final resist left on the wafers to be a copy of what’s on the mask, the resist to
be used has to be a positive tone. This way, the exposed resist will be stripped away during development.

The positive tone AZMIR701 photoresist by [54] was spin coated using the Suss Gamma 80 which is an automatic resist
processing robot. As was seen in the part of this document about the general principle of photolithography, resist must
go through several steps namely: coating, soft baking, exposure, post exposure bake, development and hard bake. The
Suss Gamma 80 is a robot that performs all of those steps apart from the exposure. The robot was hence set to deposit
a layer of positive tone resist at a spin coating speed of 4000 RPM which results in a resist layer of 0.7 pm according to
Figure 63.

Once the soft bake (90°C for 90 seconds) was done, the wafer could be moved to the Suss MA6 which is a device used to
align a mask and wafer and perform the exposition of the photoresist through the mask with a desired dose. The dose
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was selected to be of 180 mJ/cm? in a hard vacuum mode to get the best resolution possible. All the settings for the
coming lithography will be formatted as is done in Table 7 and not detailed unless a problem occurred. Note that this
first lithography did not require an alignment since it was the first one.

Figure 69 shows the result of this first step. One can see from the quality marker that the exposition settings were correct
since all features are visible. The pink color is silicon.

Wavelength Dose Contact . Spin SF PEB HB
Mode [nm] mJ/em?] | mode | Mok | Resist b | peys) | °C/s]) | [°C/s]
TSA 365 180 HV | Light | AZMIR701+ | 4000 | 90/90 | 110/90 | 130/120

Table 7: Settings for the first photolithography (mesa manufacturing in the top silicon)
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Figure 69: Results after the first photolithography for the manufacturing of the mesa in the top silicon

4.2 Top silicon etching: ICP-RIE in the Corial

Due to the fact that the mask featured pixels oriented along both the <100> and <110> crystal axes as can be seen
in Figure 38, a KOH wet etch could not be used. Indeed, as was seen in subsubsection 1.3.1, the anisotropic nature of
mono-Si wet etch would render the fabrication of the 45° tilted pixels impossible. Indeed, a considerable under etch would
occur under the mask along the least etch resistant crystal planes. The result would be a rectangle with dimensions
embedding the tilted pixel design. This effect is explained in subsubsection 1.3.1.

Hence, to deal with that issue, an ICP-RIE dry etch in the Corial was selected as our etching method. The go-to recipe
at Winfab for silicon etching in the Corial involves the use of SFs. The dissociation of this gas in the plasma generating
fluorine radicals is able to etch the silicon. However, at the time this etching was set to take place, there was no more
SFg available. In order for us not to wait, we decided to design our own dry etch recipe of silicon using CHF3 gas.

A first test wafer was used in order to determine the etch rate of silicon.

The wafer, B1, had already been coated and patterned like all of the CHF3 02 RF | ICP P
wafers in the previous lithographic process. It was then determined [sccm] | [scem] | [w] | [w] | [mTorr]
through profilometric measurements with the Dektak that the etch 50 3 50 300 3025
rate of mono-Si was roughly of 2.7 nm/s or 160 nm/min under the

reported conditions of Figure 70 in the reactor during etching. Figure 70: Setting of the Corial during operation

After that initial test, the wafers were processed one by one in the

reactor. The theoretically required etch time of 1.875 minutes (112 seconds) computed based on the thickness to be
etched and reported etch rate is however not exactly the etch time used in practice. Indeed, the conditions of the
chamber have a large influence on the etch rate. For example, the etch rate of the first wafer will not be the same as
the one of the third processed wafer. This is due to the fact that the conditions (temperature, contamination) of the
reactor evolve continuously over time. Hence, care was taken and, as reported in Table 8, HMSOI1 (the first processed
wafer after the test wafer B1) was etched in multiple runs (90 then 30 then 30 seconds) with intermediate measurements
taken each time to assess the state of the etch. The etch time of the next wafer is each time adapted from the one of
the previous wafer explaining the regularity in etching time. Note that no significant variation in etch time is observed.
This excess of precaution was taken because we were the first to try this recipe.
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Something important to note with the Corial is that the etching has a radial profile. Indeed, the wafer will be etched
more quickly at the center than on the edge. This is a second reason why etching periods longer than 112 seconds were
used (to make sure that the silicon edge was completely etched). ICP-RIE having a poor selectivity, over-etching at the
center (and in general) means that the BOX was etched a bit. The final thickness of the BOX being reported in Table 8.
The unequal thicknesses of the center and edge of the wafers confirming the radial profile of the etching in the Corial.

Figure 71 shows the results of the etching of the top silicon. The etching went smoothly overall but, on some rare
occasions, the pixels were destroyed by the dry etching process. This was only observed on the real SOI wafers and not
the HMSOIs. It is hence not likely that this problem originates from a delimitation of the top silicon from the BOX.
Our theory is that, upon development, resist was stripped away from the pixels due to the fact that only some small
island had to stick to the wafer. They could have been damaged by the flow of rinsing DI water poured on the wafer to
neutralise the developer. Nevertheless, this was only reported on a couple of structures and did not require to re-do the
step with a new wafer. Unfortunately, the yield of this step has not been reported.

SOI_1 |SOI_2 | SOI_3 |SOI_4 | HM_SOI_1 | HM_SOI_2 | HM_SOI_3
90
Etch time [s] 120 120 125 125 30 130 120
5 5 20 10
Border [nm 962 952 933 945 292 402 481
Center [nm] 983 985 977 986 378 477 527
Dektak [nm)] 396 395 401 398 604 503 458

Table 8: Thickness of the BOX after the dry etching of the top silicon. The Dektak measurement represents the step
from the BOX to the top of the resist. The measured stack by the Dektak step is from bottom to top: BOXTop-Siresist.
Resist was measured at 589 nm with the ellipsometer

100 pm

Figure 71: Result after the dry etching of the top silicon

5 Lithography N°2 and 3: P and N-doping
This step covers points three to six of the schematic and runs from step 15 to step 36 of section 2. The goal of this

step is to prepare the wafer to be implanted at Ion Beam Service or IBS. IBS is a french company located in Marseille
France. In order for them to implant our wafers, some work has to be done on our side first. The first one, which we

76



EPL UCLouvain TFE M2 2021-2022 Lahaye Loic

already discussed, is to fix the dose, energy and species of the implantation. These parameters we send them are the one
they will end up using to implant our wafers. The second thing to do is to define the regions we want to implant. This
is where the lithography numbers two and three come into play. However, prior to this, an oxide layer has to be grown
on top of the pixels. Let’s tackle that first.

5.1 Wet thermal oxidation

The implanting process must take place across a layer of oxide. This layer of oxide, which as been taken into account
in the simulation is used to slow down the incident doping atoms. This layer can however not be the native oxide for
two reasons. The first one is that this oxide is too thin (in the 1-3 nm range) and the second is that it is irregular. This
would lead to a less homogeneous level of doping across surface or the pixel.

Our wafers are then, after a standard cleaning including the HF bath to remove the native oxide, put into the KOY1 for
a dry thermal oxidation. There, a 27 nm thick layer of oxide is grown resulting in a 12 nm decrease in thickness of our
top silicon pixels (4% of the total thickness).

5.2 Lithography N°2: N-doping

This lithography is the one used to define the N region of our NPN and PN junction. The mask to be used can be
seen in Figure 68 and is a darkfield mask. The goal here is to cover all the pixels and only open windows in the resist
where we want the doping atoms to be implanted. This means that a combination of the darkfield mask and positive
tone resist can be used. The regions to be implanted will be exposed and washed out during development.

The difference between the previous lithography and this one is that here the mask should be aligned with the patterns
already on the wafer. This was done by aligning the markers from the mask and the wafer. The mask being a dark field,
its alignment mark is in fact a hole in the shape of a plus sign and must correspond to the plus sign mark etched in the
top silicon layer. The result of the alignment can be seen in Figure 72 (f.). The alignment in itself is just a matter of
adjusting the X, Y and tilt of the mask relative to the wafer.

As in the previous lithography, the Suss Gamma 80 was used to deposit a layer of AZMIR701 and perform the soft bake.
Initially, all the same settings as previously were used for the exposition and baking. However, upon inspection under
the microscope, it was shown that the resist had been stripped away from the pixels as can be seen in Figure 72 (d.)
and (e.). Our hypothesis is that this comes from the hard vacuum contact. Indeed, the surface of adhesion of the resist
on the pixels is small. We think that the resist delaminated upon release of the contact between the mask and wafer.
This time, the damage was such that the step had to be done a second time. The resist was hence stripped in the barrel
following the procedure explained in the previous part and put to the photolithographic process a second time. For the
second run however, the contact mode was changed from hard vacuum to soft contact. The results of this second run
can be seen in Figure 72 (a., b., c. and f.) and all the settings are given by Table 9.

Once this step completed, the wafers were packaged and sent to IBS. The turnaround time for the wafer to come back
from France being one week.

Wavelength Dose Contact . Spin SF PEB HB
Mode [nm] mJ/cm?] | mode | Mask | Resist ippnn e/ | PC/s] | [PC/s)
TSA 365 180 S-C Dark | AZMIR701+ 4000 90/90 | 110/90 | 130/120

Table 9: Settings for the third photolithography for the N implantation

5.3 Lithography N°3: P-doping

Once the wafers have come back from France, the first thing to do is to inspect the wafers under the microscope. We
here want to check whether the resist layers held up and did not burn under the particle bombardment. In our case, it
did not happen and processing could go on.

What we did was first to strip the resist in the barrel and perform a standard cleaning. The degassing step had to be
done at a lower temperature than normal to avoid the activation and disuse of the doping atoms. Indeed, since we will
have to activate the boron P-doping atoms later, it is preferable to only bake at high temperature once to avoid diffusing
the phosphorus atoms of the N doping twice. Hence, the degassing was done in the TEMPRESS at 600°C for 15 minutes
instead of 850°C.
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Figure 72: Result of the second photolithography for the N-doping of the pixels
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Once done, the wafers went through priming in the LPIII and then a similar positive photolithography as the one for
the N doping was done with the third mask of Figure 68. The settings being the same (Table 10), the procedure will not

be explained a second time. This time, exposing directly in soft contact, no problem was noticed upon inspection under
the microscope.

One can clearly see in Figure 73 the successful alignment (a.) as well as the opened windows in the resist. The resist in
pictures (b.) and (c.) has an orange tint whereas silicon dioxide is blue and silicon is white.

Once the inspection completed, the wafer were once again sent to IBS for implantation.

Wavelength Dose Contact . Spin SF PEB HB
Mode [nm] mJ/cm?] | mode | Mask | Resist ippnn /s | PC/s) | [PC/s]
TSA 365 180 S-C Dark | AZMIR701+ 4000 90/90 | 110/90 | 130/120
Table 10: Settings for the second photolithography for the P implantation
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Figure 73: Result of the second photolithography for the P-doping of the pixels
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5.4 Wafer RTA and passivation

Once the wafers come back from their second trip to IBS, we once again inspect them to see if the resist is intact.
Since it was the case, we immediately moved on to proceed with the RTA and the passivation.

After the resist had been stripped from the wafers in the barrel, they went through standard cleaning to allow them
to enter the TEMPRESS. There, a DIY RTA took place. As a quick reminder, Rapid Thermal Annealing is the step
during which the doping impurities are activated and fixed into the crystal lattice. A normal RTA is usually done at
950°C or above for a minute. In our case, a 30 minutes long baking at 850°C replaced it because the RTA of the Winfab
is currently out of order. This was however accounted for in the simulation of the doping profiles.

This fake RTA served at the same time as a degassing of the wafers. Indeed, we took the opportunity of the wafers going
through cleaning and degassing to deposit a layer of passivating silicon dioxide right after.

Indeed, currently the pixels’ only electrical insulation is a 27 nm thick layer of thermal oxide. This is not enough and,
as a precaution, a thicker 200 nm layer of silicon was deposited onto the front of the wafers.

The depositions were made in the CVD reactor of the Ozford Plasmalab®*. The used technique being PECVD. A recipe
available on the computer of the Oxford was used to deposit the silicon dioxide and as can be seen in Table 11, the
expected deposition rate was of 45 nm/min for the given parameters.

However, before performing the deposition on our real wafers, a test was made on a bulk silicon wafer (the wafer B5 in
section 2). The deposition took 245 seconds and the final oxide thickness, as measured by the ellipsometer, was of 163
nm (both at the center and edge of the wafer). This means that the actual rate was of 40 nm/min.

The recipe was hence modified and the deposition time was increased to 275 second to get a deposition thickness of 184
nm.

The results are provided in Table 12. As one can see, the thickness is, each time, close to the targeted value.

SiH4 5% | N20 N2 P T | Expected rate | Real rate
[sccm)] [sccm] | [sccm] | [torr] | [°C] [nm/min] [nm/min]
100 700 1600 1 300 45 40

Table 11: Settings and rates for a deposition of a 200 nm layer of silicon dioxide (PECVD the Ozford Plasma lab)

SOI 1| SOI_2|SOI 3| SOI_4 | HMSOI1 | HMSOI2 | HMSOI3
[nm] [nm] [nm] [nm)] [nm] [nm)] [nm]
182 188 179 187 181 197 187

Table 12: PECVD silicon dioxide thickness after a 276 second deposition at 40 nm/min. Measured on the ellipsometer
at the center of the wafer.

6 Photolithography N°4: Contact opening in the oxide

Before moving on to the metallization of the wafer, the spot where the aluminum will contact the silicon must be
opened. Indeed, at this point, the pixels are completely covered by the just deposited layer of PECVD silicon dioxide.
The contact fingers must now be opened prior to the metallization for an electrical contact to occur. This is made via a
photolithography and a wet etch of the silicon dioxide. This section covers the steps six and seven of the schematic and
the steps 37 to 45 of section 2.

6.1 Photolithography N°4: Electrical contact opening definition

The goal of this lithography is to create a mask to be used in wet etch application. The goal of the mask is to protect
the deposited silicon dioxide layer everywhere except where the electrical contact will be.

This lithography is done using the same mask as the one to be used for the metallization process. Indeed, this mask (the
fourth in Figure 68), defines the pattern of all the wiring including the contacting fingers. It is thus also suited to open the
mentioned fingers in the oxide layer.

24The oxford plasmalab is, a machine able to be operated to do either ICP-RIE etching, as with the Corial, or CVD deposition. It might
be referred to as The Ozxford later in the text
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The mask was brought as a lightfield as can be seen in Figure 74. This means that,
since we want to open this pattern in the resist, a negative tone should be used.
Upon exposure, the illuminated resist will become less soluble and the pattern will
be stripped away in the developer leaving the PECVD oxide exposed.

After careful preparation of the surface like always (but without the HF bath
during standard cleaning to not remove the oxide), some AZnLOFF 5510 by [53]
was spin coated on the wafer by the Suss Gamma 80 automatic coater. Once
done, the exposure was carried out in the Suss MA6. Note in Table 13 that the
settings for this resist are not the same as before. This is due to the fact the resist
is different from the one used before. These settings are in accordance with the
datasheet provided by the manufacturer [53]. The soft contact mode between the
mask and the wafer was kept in order to ensure the success of this step. Indeed,
even if this comes at the cost of some resolution, the fact that we have designed
our masks with a 2 ym of acceptable error of margin compensates for it.

Figure 74: Metallization mask in the

Figure 75 shows the result of this step. As one can see from picture (d.), the yellow room of Winfab

alignment of the mask and the wafer is spot on. The other picture shows the resist
pattern successfully defined. Note that no damage or imperfection in the pattern was seen on any of the wafers.

Wavelength Dose Contact . Spin SF PEB HB
Mode [nm] mJ/cm?] | mode | Mask | Resist | ppan | pcss) | Pe/s] | PC/s)
TSA 365 120 S-C | Light AZ?;(SFF 3000 | 90/90 | 110/60 | 130/120

Table 13: Settings for the lithography N°4. Negative tone resist and lightfield mask. Expected resist thickness of 0.9pm.

Figure 75: Results of the fourth photolithography for the opening of the contact pads in the layer of silicon dioxide.

6.2 Wet etching of the oxide

Now that the photoresist mask has been defined, the oxide can be opened. Note that in our case one should not only
etch away a layer of PECVD oxide, but also the thin 27 nm layer of previously grown thermal oxide. The etch rate of
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both of them had to be determined to avoid a too important under etch (etching of silicon dioxide in BHF being fully
isotropic).

To this end, the B2 wafer used as a test for the CVD deposition, was repurposed for an etching test. In parallel, a
bunch of bulk test wafers (B3, B4 and B5) were wet thermally oxidised in the KOYO1 following the same procedure as
in subsection 1.1. This oxidation yielded the same results as previously with a silicon dioxide layer measured at 538, 539
and 539 nm, respectively.

The test wafers B2 (PECVD) and B5 (thermal) were then dipped in a conventional BHF solution of HF/ NH4F 1:7 for
30 seconds. The etch rate of both oxides were then computed based on the results of Table 14. As expected, the etch
rate of the PECVD oxide was much higher than the one of the thermal oxide. Note however, that the final measured
thickness of the PECVD oxide on B2 can be considered as a complete removal of the oxide layer and an imprecision
of the ellipsometric measurement. This would mean, if no oxide is left, that the etch rate is potentially much higher.
According to the literature, this etch rate of PECVD silicon dioxide in BHF could even reach the pm/min[52]. On the
other hand, the etch rate of the thermal oxide is well into the expected range.

From here, and considering the fact that our oxide layer is made out of a stack of 27 nm thermal oxide and 180 nm
PECVD oxide, a total etch time of 18 + 30 seconds was decided.

However, since we were suspicious about the computed etch rate of the PECVD oxide and were expecting it to be much
higher, the real wafers were not processed all at once on the first try. Indeed, at first, the SOI1 wafer was sent "to the
battle field" alone to allow the measurement of the under etch and, if needed, the etch time could be reduced/increased.
This was also done in order to check if everything was properly etched. One thing of which we were also afraid was that
the highly doped layer of thermal silicon dioxide would feature an even lower etch rate than the measured 86 nm/min of
undoped thermal oxide. If that was the case, the etch time would need to be increased in order to go through that layer
of doped oxide, hence leaving more time for a lateral under etch of the PECVD oxide layer.

In the end, we ended up leaving the SOI1 wafer for 55 seconds in the BHF bath. From there, the wafer was brought to
the microscope and an under etch of 1.45 pm was noticed. This means, as we were suspecting, that the actual etch rate
of the PECVD silicon dioxide layer is of around 1.58 pm/min which corresponds to the literature [52].

This 55 second etch duration is the time we ended up using. Figure 76 shows the results of the wet etching of the silicon
dioxide. Due to the fact that our contacting fingers measure 4 pm in width, and since a 2 pm margin is allowed, the
1.4 pm under etch of the oxide is considered as acceptable for our application. Furthermore, as one can see from the
pictures, the silicon dioxide has been well preserved everywhere else. This step is hence considered a success.

One final consideration: As one can see from both Figure 75 and Figure 76, the fact that we used the metallization mask
leads to etching of the pattern in other areas than only the finger contact pads. Indeed, all the spots where metallic
traces will end up have been exposed to the BHF. Since all these exposed regions (outside of the contacting fingers) are
on the BOX, this will lead to a reduction of its thickness at those given locations. This means that the metallic traces
will end up being nested in tranches dug in the BOX. The final thickness of the BOX where those tranches have been
opened are given for each wafer in Table 15.

B2 B2 Thermal oxide B5 B5 PECVD SOI1
Initial | Final Etch rate Initial | Final | Etch rate | Etch rate
[nm] [nm] [nm/min] [nm] [nm] | [nm/min] | [pm/min]
532 495 86 163 1.16 >324 1.58

Table 14: 30 second dip test in BHF to determine the etch rate of PECVD and thermal oxide and etch rate of PECVD
from testing on the SOI1 wafer. Expected etch rate of 63 nm/min for the thermal oxide and 1 pm/min for the PECVD
oxide.

SOI_1]SOI 2| SOI 3[SOI_4] HM_SOI 1| HM_SOI 2 | HM_SOI_3
182 188 179 187 181 197 187

Table 15: BOX thickness of the wafers after the oxide wet etch.

7 Photolithography N°5: Metallization

This step is about the deposition of the metal traces onto the wafers to contact the silicon pixels where the oxide was
just removed. This step had to be done right after the opening of the contacts to limit the thickness of the immediately
forming native oxide. Since both process were done in a row, the native oxide should be in the 1-2 nm range and should
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Figure 76: Result of the contact opening in the top oxide covering the pixels.

hence easily breakdown not causing an issue. This section illustrates the step 8 of the process and covers the steps 46 to
55 of section 2.

7.1 Al-Si sputtering

Right after the wafers were wet etched in BHF, the resist masks were stripped in the barrel and the wafers where
brought to the VST. The VST is a chamber featuring a planetary type rotating wafer holder allowing for both thermal
evaporation and sputtering.

For this first deposition, the decision was taken to go for a deposition of a 600 nm thick layer of aluminum-silicon. Al-Si
is an alloy made out of 1% silicon by weight. This alloy is typically used instead of pure aluminum for contacting silicon
since it helps with the ohmicity of the electrical contacts. The desired 600 nm thickness was decided with in mind the
project of later wet etching the Al-Si to form the electrical contacts. Hence, since this process is highly isotropic and
due to the fact that the traces are 4 pm in width, a higher thickness was not advisable. Indeed, a 600 nm layer already
means that an under etch of 600 nm from both sides of the trace would occur reducing the total width of the trace by
1.2 pm from 4 to 2.8 pm. Increasing the thickness also meaning increasing the under etch. 600 nm was considered to
be a good compromise between a successful step coverage of the silicon pixels while featuring a wide enough post etch
aluminum contacting finger. One spoil which should be mentioned, however, is that the wet etch of aluminum proved
to be ineffective in this situation. Since a dry etch in the Corial was used as a replacement, due the anisotropy of this
etching method, a thicker (> 600 nm) Al-Si layer could have been used without any problem.

Furthermore, still about the step coverage and thickness layer of the Al-Si layer, one should remember that the metallic
traces will be in recessed tranches. This means that the step to cross will not only be of the thickness of the silicon pixel
but of the depth of the trench plus the silicon thickness. In practice, looking at the worst case shown in Table 15 the
biggest step to cross would be of (1050-857)+300 = 493 nm (where 1050 nm is the initial thickness of the BOX of the
"true” SOI). This means that, even in this worst case, the 600 nm thick desired layer of Al-Si should be enough.

The choice of sputtering, should someone ask, as opposed to thermal evaporation was motivated by the fact that this
technique allows for a better step coverage, but, more importantly, allows the deposition of alloys. Thermal evaporation
of alloys is indeed not often seen in practice due to the difference of vapor pressure of the considered material, hence the
difficulty to have them both evaporate in a controlled manner.

The sputtering was performed under a DC generated plasma only (hence making the process DC sputtering). The used
recipe was one developed by Nicolas André for a deposition of a 1.3 pm thick Al-Si layer in 100 minutes. Hence, the
decision was taken in our case to go for a 50 minutes long deposition, thus aiming for a final thickness of 650 nm. The
parameters of the sputter deposition are given in Table 16 here below. Note that a test wafer was put in the sputtering
chamber for later use (B6).

DC power | DC bias | Current P T Heating | Target | Duration
(W] V] [A] [mTorr] | [°C] | source type [min]
306 387 0.8 5 250 Lamp Al-Si 50

Table 16: Parameters for the DC sputter of a 600 nm layer of Al-Si.
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7.2 Photolithography N°5: Definition of the electrical traces

Now that the Al-Si alloy has been deposited everywhere on the wafer, it is time to define the pattern of the electrical
traces. This is done through a photolithographic step using once again the metallization mask. This time however,
contrarily to the previous lithography, a positive tone resist was used. Indeed, remember that the mask was bought as
a lightfield. Since we want the aluminum to be protected where we want it to stay, the exposed resist should leave and
the non exposed one should stay on. This justifies the use of a positive resist.

Since the dopant had already been activated, special care had to be taken for degassing. Indeed, since we would prefer
to avoid diffusing of the implanted atoms, the wafer was degassed for several hours in a 120°C oven. This temperature
being way too low to allow for doping atoms to diffuse in the material. Once done, conventional HMDS priming was
carried out and positive AZMIR701 was spin coated on the front side of the wafer.

Initially, the same settings as the ones used in Table 9 were used. However, a completely unexpected result occurred.
Indeed, upon inspection under the microscope of the used test wafer (B6), it was found that the pattern of the contacting
fingers was completely removed. This kind of missing featured in the photoresist is a clear indication that an overexposure
occurred. This was weird at first since the settings of the MA6 were giving a dose of only 190 mJ/cm?. This dose being
well in the norms. It later appeared upon testing that this phenomenon originated from the soft contact setting between
the mask and the wafer. The association of this increased distance (compared to hard vacuum) and high reflectivity of
the Al-Si layer led to light bouncing multiple times between the wafer and the mask hence considerably increasing the
exposition dose.

The contact was then put back to hard vacuum and this effect went away giving us a successful definition of the pattern

in the resist as one can see on the right picture of Figure 77. The complete settings for this lithography are given in
Table 17.

Wavelength Dose Contact . Spin SF PEB HB
Mode [nm)] [mJ/cm?] | mode Mask | Resist [RPM] | [°C/s] | [°C/s] | [°C/s]
TSA 365 180 H-V Light AZ71(\)/[11R 4000 90/90 | 110/90 | 130/120

Table 17: Settings used for the fifth photolithography.

g gy

Figure 77: (a., b.) Failed N°5 photolithography and (c.) Successful N°5 photolithography

7.3 Al etching

All that is now left to do is to etch away the top layer of aluminum to obtain the metallic wires and contacts. Two
techniques were used.

7.3.1 Wet etching

The initial plan was, to save time, to go for a wet etch of the aluminum in H;PO,. This method allows for a quick
etching of aluminum thanks to a high etch rate. The main drawback of this technique, however, is that the etch rate has
high dependency on the temperature of the solution.

In practice, what is done is that the phosphoric acid is poured in a beaker and brought to 60°C. Once up to temperature,
the wafers are submerged into the solution and the etching is considered over when the bubbling stops. This bubbling
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comes from the release of hydrogen gas during the reaction. As one sees from this description, this process is not
very controlled. This is due to the fact that since the etch rate is highly dependant on the temperature, relying on a
chronometer to determine the required duration of the etch is not possible. For example, our first attempt at wet etching
the aluminum started with a solution at 60°C. Then, from the observation of the bubbles, the etch was considered done
after 2 minutes. On the second try however, due to the previous etch, the solution had dropped by 4 degrees. This time
etch took more than 5 minutes to complete, hence more than twice the time.

This high dependence makes the process highly uncontrollable. In any case, once the etch completes, the wafers are
rinsed for ten minutes under running DI water to stop further under etching (this process being isotropic).

One interesting thing emerged under microscope inspection of the wafer. Since the used metal was an Al-Si alloy, some
undissolved silicon clusters remained on the wafer. This is due to the fact that phosphoric acid has an almost infinite
selectivity toward silicon, as said in [52]. Those clusters are not really an issue beside a potential negative impact on the
optical performance of the final device. Indeed, they might interfere a little with the incident light due to the fact that
they are on the surface of the silicon pixels.

One solution to remove such clusters is to use the so called "Sauce de André". This product is an aggressive solution of
HNO, : H,O : HF in a 50:20:1 ratio. To use it, some must be poured in a container and the wafer should be dipped in it
for two seconds. A longer time would lead to a catastrophe since this solution is a rapid etchant of silicon. The impact
on the cluster is clearly visible by comparing both the pictures (a.) and (b.) featured in Figure 78. As one can see, the
density of silicon clusters is reduced by a significant amount.

The success of this step, however, is limited to a successful demonstration of the efficiency of the Sauce de André. Indeed,
even we initially thought that the etch went well by looking at the contact fingers with the resist mask still on, this was
not the case. Indeed, removal of the resist in the barrel revealed a massive under etch of more than 3 pm leaving with
sad thin contact fingers of 1 pm or less in width. Figure 78 (a., b., c., e., f.) show the contact fingers with the resist
still on while picture (d.) was taken after the removal of the resist.

This result can be explained by our inability to control the etch rate of the highly isotropic H,PO, Al wet etch process.
Indeed, since the etch is stopped based on the ability of the operator to detect the presence of bubbles, it is more than
likely that the wafer might stay too long in the etchant, resulting in an extended under etch. Note that even if the wafer
was pulled out of the etchant exactly at the correct moment, an under etch would still be present. In our case, since the
deposited layer was 650 nm thick, the minimal amount of under etch was of 650 nm on both sides of the finger. Each
extra second in the etchant leading to an increase of this under etch.

Note that leaving the wafer in longer than required is an obligation since the top of the wafer will etch more slowly than
the bottom. Indeed, the beaker being on a hot plate, the liquid at the bottom will be hotter and hence feature and
increased etch rate. The thickness of the liquid not helping convection.

In a nutshell, all the HMSOIs went through this process before us noticing the issue. The other wafers, the SOIs, will
hence instead be processed using dry etching.

7.3.2 ICP-RIE of the top Al-Si

In order to increase the anisotropy of the etching of the Al-SI, it BCI3 | CI2 Ar
was decided to use dry etching for the remaining SOI wafers. The
wafer were placed one by one in the Corial and a recipe based (CQ9
AL-Si NAZ) on chlorine was used. As can be seen in Figure 80 from
the successive etch times, extra care was taken in order to not damage

sccm | sccm | sccm
10 25 20

Figure 79: Species in the reactor.

the metallization of our SOI Wafers.. Hence, after each pass in the SOI 1] SOI 2| SOI 3| SOI 4
reactor, the wafer was removed and inspected under the microscope. 30

The etching being considered done only when no aluminum particles 40 40
were left to be visible under the highest zoom of the microscope. 30 40 40 40
Figure 81 shows the results of this step after the removal of the resist. 15 40 40 40
The fingers were measured to be 3 ym thick which is only one microm- 15 20 40 40
eter shy of the nominal designed 4 pm thickness. This method hence 20 30

provided a much higher level of anisotropy compared to the previously
done wet etch. The alignment between the metallic fingers and the Figure 80: Etch time in [s] for the SOI wafer for
contact pad can also be seen as good. an ICP-RIE dry etching of 650 nm of Al-Si in the
Concerning the silicon clusters, it was decided to leave them to avoid Corial. The mean etch rate can be estimated as
damaging our metallic lines by exposing them to the violent Sauce de being close to five nanometers per seconds.
André.
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Figure 78: Results of the Al-Si wet etching in phosphoric acid.

Finally, a preliminary electrical measurement proved that the contacting of the pixels was properly made by featuring
resistances in the kilo to mega Ohm range. This values of the resistance were expected since before baking the Al-Si at
432°C a Schottky type contact takes place. This explains why the resistance value varies a lot from one device to another
and with the applied voltage. Upon baking, the Al-Si will diffuse in the silicon and the energy levels of both materials
will align hence creating the Ohmic contact by killing the potential barrier.

Figure 81: Results of the dry etching of As-Si in the Corial ICP-RIE.
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Figure 82: Test wafer B6 and SOI wafer before and after the etching of the top layer al-si. (Left) Test wafer B6 after
the wet etch. The etching looks successful at the macroscopic scale (Center) SOI wafer after (left) and before (right)
of the dry etching of the top Al-Si and (Right) SOI wafer after the dry etch of the top Al-Si

8 Back grinding

The release of the membranes will later on be done by either a XeF2 isotropic dry etch or an anisotropic Bosh process.
In both cases, to make this release easier and faster, the decision was taken to first thin the wafer down by using back
grinding. The plan was to use it in order to decrease the thickness of the SOI and HMSOI wafers from 750/380 pm to
280 pm. This section covers the step 9 of the schematic and the steps 56 to 62 of section 2.

After the resist of the metallization step had been removed, some protective measures were taken to protect the front
sides of the wafers. The first one was to deposit a layer of blue resist. The blue resist is a non photodefinable resist used
to protect wafers. It was spin coated using the automatic Suss Gamma 80. Once done, a piece of 125 pm thick adhesive
plastic was cut to the side of the wafers and applied on them in the same way one would a apply a screen protector to a
phone or a table. The role of this thick film is to absorb any irregularities in the surface of the wafer that could generate
a stress point leading to the shatter of the wafer during the actual grinding phase. Care was required during this phase
as to not introduce dust particles between this film and the wafer and to avoid large air pockets.

Once the wafers protected and secured by a vacuum on the chuck of the machine, the grinding could begin. The
calibration of the machine had to take into account the additional thickness of the plastic film. Indeed, in practice, we
tell the grinding wheel to start just above the surface of the wafers to slowly enter into contact with them. Since the
zero is the surface of the chuck, we had to tell the machine to start at 750 + 125 pm in height to account for both
the thickness of the film and the SOI wafer. Furthermore, we stopped the machine at 425 pm in height which, when
removing the film, should leave us with a 300 pm thick set of wafers.

The final thickness of the wafers was measured in a vise to be of approximately 277 pm which is in line with what we
were expecting. Considering the fact that the grinding took four hours, this gives us an effective grinding rate of 118
pnm/hours. Note that extra care should now be taken when manipulating those thin wafers.

Once completed, the plastic layer could be peeled off and the blue resist stripped away with acetone. At this stage, the
contamination of the wafers was high due to the silicon dust generated by the grinding. Heavy rinsing under running DI
water was performed for 10 minutes to remove it.

9 Photolithography N°6: Back side hard mask

Now that the wafers have been made thinner, the back side aluminum hard mask for the back etching and release of
the membrane could be built. This section covers the steps 10 to 12 of the schematic and the steps 63 to 71 of section 2.

The metallization of the back sides of the wafers had to be done once again in the VST. Hence, cleaning was required,
firstly to not contaminate the VST and secondly to promote the adhesion of the aluminum layer. The problem is that,
since the electrical contacts were already built at this stage, a standard cleaning could not be used anymore. Indeed, the
piranha solution is known to damage the surface of aluminum. A non standard cleaning of the wafer in fuming nitric acid
was thus decided in order to remove any organic contaminant without damaging the silicon, silicon dioxide or aluminum
featured on the wafers. This step is done by dipping the wafers for five minutes in the acid before rinsing.

Since the wafers had just been cleaned the occasion was taken to put them in the 432°C oven for 30 minutes to render
the aluminum on silicon contact effective. Indeed, upon heating, the aluminum will diffuse a bit in the silicon, their
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energy levels will align and the generated Schottky diode will vanish leaving the place to a, supposedly, ohmic contact.
This temperature does not generate an issue relative to the diffusion of doping atoms.

Once this intermediate step was done, the wafers were moved to the VST after having covered their top surface with
protective blue resist.

9.1 Thermal evaporation

Thermal evaporation in the VST was used to deposit a layer of 300 nm of aluminum. Pure aluminum is here used as
opposed to the Al-Si used for contacting the silicon. The reason for that is that pure aluminum will be more resistant
to a silicon etchant than to an alloy made partially out of silicon. The second reason it that the goal here is to avoid an
electrical contact. Thus having silicon in the metal to promote the ohmicity of the contact is of low interest. In addition,
aluminum pellets used for thermal evaporation are cheaper than using the Al-Si target. The thickness of 300 nm was
decided on an arbitrary basis. Typical aluminum hard masks are in the 200 to 300 nm thick range. We picked 300 nm
as a safety net to ensure to have a thick enough layer everywhere on the wafers.

The recipe called for a deposition rate of 5 A/s where A is called an Angstrém and is worth 0.1 nm. At this rate the
deposition was set to last 600 seconds for a deposition of 3000 A or 300 nm. The parameter for the e-Beam thermal
evaporation are given in the table here below 18.

Just note that for both the sputter and the e-beam thermal evaporation in the VST, even if the deposition in itself is
short, the entire procedure takes a lot of time (a matter of 5 hours at least). This is due to the fact that it takes a
long time for the machines to reach the required levels of vacuum. Indeed, one must not only remove the air from the
chamber but also allow for all the moisture in the machine to evaporate and be sucked out. Pumping taking in general,
between four hours to a night (the longer being the better). All of this, again, for a deposition in the minutes range.
This means that planning ahead and maybe combining the procedure with the process of someone else is required when
using the VST.

Rate | Time | Target thickness | Op Pressure | e-beam | e-beam Heatin
[A/s] [s] [nm)] [mTorr] [KeV] [mA] g
5 600 300 0.028 9.6 180 No

Table 18: Settings for the thermal evaporation of Al in the VST

9.2 Photolithography N°6

This lithographic step is used to define the opening on the back side aluminum hard mask. The mask was bought
as a darkfield and is the last in Figure 68. Due to its polarity, a positive tone resist was used. Indeed, we want what
is drawn on the mask to be opened in the resist layer to be able to expose the underlying aluminum to an etchant.
After conventional adhesion promotion steps were performed, the lithography went on as in the previous cases with the
settings of Table 19.

The one thing to mention is that this alignment of the mask had to be done with the back side of the wafer. We refer

to this as a back side alignment or BSA. To do this a picture of the mask is first done from the bottom (we say that the
image is grabbed) and then the wafer is aligned on that picture. The rest of the procedure is the same.

Wavelength Dose Contact . Spin SF PEB HB
Mode [nm] mJ/em?] | mode | MoK | Resist | ppng | ocys) | PCys] | [°C/s]
BSA 365 200 By | Dark | A2 000 | 90/90 | 110/90 | 130/120

Table 19: Settings for the sixth lithography for the definition of the back side aluminum hard mask.

9.3 Al wet etch

Since the opening in the masks were in the mm range, an aluminum wet etch in phosphoric acid could be attempted.
Indeed, as we saw from the picture of the previous step relating the wet etch process, the macroscopic features did all
came out nicely. Hence, since the openings range from 1 to 5 mm, the wet etch could be used.

The procedure is the same: dipping the wafers in the H;PO, until the bubbling stops at a temperature of roughly 60°C.
The results are shown in Figure 83. Please note the lack of clusters due to the use of pure aluminum instead of the Al-Si
alloys. The parallel lines comes from the pattern of the back grinded underlying silicon.
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Figure 83: Opening of the Aluminum hard mask.

10 Photolithography N°6: PI processing

We now arrive at the most innovative part of this process. Before going into this part, let’s spoils that this step was
not completed properly and is hence left to be attempted after the hand in of the master thesis. This step was set to
take place on the 12th of August 2022. However, due to cross reservation of the equipment and delay in the cleanroom
that day, the process was postponed several times that day. The actual work ended starting late that day, leading to
more rush and ending in an hospital room. This means that the process could not be completed in time. The concept
and general idea behind it was however considered to be promising and will, as said previously, be completed between
the thesis hand in and the oral presentation.

The goal of this step was to spin coat the polyimide on the wafer surface and to define and open the electrical contact
pads in the polymer. The first technique that was considered was to do a dry etch as was done in [47]. However, the
issue with that step would have been in the difficulty of finding a proper etch mask. Indeed, cured polyimide is hard to
etch and a thick or hard mask would have been required.

It was then found, by reading the datasheet of the spin coatable P12545 by [44], that this particular precursor could be
etched before curing by a mild basis and conventional developer. This means that a simple photolithographic resist mask
would be enough to define and open patterns in the polyimide prior to complete curing. This meant that the original
plans to go for a spin coat of a 10 pm thick layer of PI12611 had to be dropped. Indeed, this precursor is not etched, even
when uncured, by a mild basis. The issue with going for PI2545, as one can see on the spin curve, is that the maximal
polyimide thickness to be spin coated in a single run is of 2-3 pm. However, it is believed that the ability to easily etch
away partially cured PI2545 is more critical than the ability to spin coat a 10 pm layer at once. Indeed, should we need
a thicker layer, multiple spin coated layers could be applied. The use of a wet etchable P12545 is avoiding us the trouble
to try to open the contacts using either the laser or a dry etch technique.

The technique here below, which is heavily inspired from the one presented in the PI2545 datasheet [44], gives the
procedure to be followed for the spin coating of the polyimide and opening of the electrical contacts. This illustrates the
steps 13 and 14 of the process schematic and runs over the steps 72 to 83 of section 2.

1. Surface preparation: Since the polyimide layer will be the one carrying our silicon pixels and tasked with
transferring load and strain to them, good adhesion is paramount. To this end, the metallized wafer should be
cleaned in fuming nitric acid following the associated protocol. Careful degassing of the wafer at 120°C for multiple
hours (from 5h to a week) should then be done prior to the HMDS deposition in the LPIIL.

2. PI spin coating: A 2 um thick layer of polyimide should be manually spin coated according to the spin curve.
The rotation speed is in our case set to be of 2000 RPM for 60 seconds. The coater should be protected by an
aluminum crown to collect all spilled liquid polyimide. Polyimide precursor is a thick and sticky product, like old
honey, that is not attacked by either acetone, propanol of methanol. The only method found to remove uncured
polyimide is to wash it off using fuming nitric acid. Since this chemical can not be used in the coater, careful
protection of the wall of the coater with the mentioned aluminum crown is required to eliminate the need to try
cleaning it after the fact. The protection of the coater is shown in Figure 84. The fact that polyimide is almost
impossible to clean is the reason why it cannot be spin coated in the Suss Gamma 80.

3. PI soft bake: A soft bake of the polyimide is done on a hot plate for three minutes at 140°C to partially cure it.

4. Photolithography IN°7: A conventional photolithography is done. The mask is the fifth one to appear in
Figure 68. It was bought as a darkfield mask and as such should be used in combination with a positive tone
resist. Since the polyimide has now been partially cured, the resist can be spin coated on top of it using the manual
coater. Once coated, the soft bake, exposure and PEB of the resist are done as usual using the Suss gamma 80
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and Suss MA6. The settings being reported in Table 20. Note the absence of an hard bake due to the fact that

the etching of the partially cured polyimide occurs during development.

5. Puddle development: Conventional developer is applied to the wafer. This will develop the resist and etch
away the underneath partially cured polyimide. The development duration should be of a minute, but a visual
verification of the contact opening might be required. Once the development completed, the wafer should be rinsed

with DI water for a least two minutes. After that, the resist can be stripped by acetone

6. PI hard bake: The polyimide must now be baked. The baking starting at room temperature rising up to 200°C
with a 4°C/s ramp and held at this temperature for 30 minutes under a nitrogen flow. Then the temperature
should be increased to 350°C with a ramp of 2-5°C/s and held at this temperature for an hour under an nitrogen
flow. The cool down ramp should not be over 5°C per minute. This step completes the processing of the polyimide.

Wavelength Dose Contact . Spin SF PEB HB
Mode [nm] mJ/cm? | mode | Mask | Resist | ppnn | pays) | [Pe/s] | [PC/s)
TSA 365 200 H-V | Dark AZ;(\)?R 4000 | 90/90 | 120/90 | NA

Table 20: Settings for the photolithography for the definition of the pattern in the top polyimide.

11 Dicing and membrane release

All that remains now is to dice the wafer. Once done, the membranes are either released using an XeF, dry etch of
the silicon or using a Bosh process. The advantage of the Bosh being its anisotropy. Having an over etch in the lateral
dimension is here not really bad since that would only mean that the membranes would be a bit wider. At this point, if
one wanted to switch from the SP2 process to the SP1, the back side Al mask must be removed from the concerned dies
and these should be bounded to a layer of gelPak prior to the etching of the underlying silicon.

Figure 84: Protection of the spin coater with an aluminum crown.
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12 SP1 and SP2 process schematic
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Part V
Conclusion and sequel perspective

After almost 95 pages of excruciating text, equations, diagrams and considerations, here is the end of this thesis. The
work started in September 2021 and was able to produce both simulation results as well as practical cleanroom results.
Here are the highlights

Without coming back on the state of the art, the first thing that was done was to design a set of photomasks for our
later coming process. Six masks ended up being drawn and bought allowing for the manufacturing of released polyimide
membranes carrying a set of photodetectors. The ordering of such masks required taking a lot of decisions beforehand.

Among them was the design of the photodetector pixels themselves. Those ended up being a set of PN and NPN junctions
doped at a 10e21 and 10el8 atoms/cm® for the N and P regions respectively. The decision on the doping levels but
also on the device dimensions was done while considering the diffusion length of the charge carriers, the depletion length
and their impact on the optoelectrical properties of silicon. Silvaco simulations were performed in order to decide on
implantation parameters. Additional care was taken in order to avoid ending up with a Schottky contact between the
aluminum contacting pads and the doped silicon. The decision of using silicon being motivated in the state of the art
by its high level of performance and RTL compared to other technologies such as graphene or organic semiconductors.

In parallel to the design of the pixels, a deep look on the membrane dimensions and characteristics was taken. This
included the modeling of such membranes in Comsol to simulate the impact of the applied pressure and membrane
thicknesses and radii. Those simulations, based on the use of polyimide as a flexible substrate due to its high Young’s
modulus, demonstrated that levels of strains up to half a percent could easily be obtained in 300 nm thick silicon pixels
on a 5 pm membranes under a one bar loading. It was also shown that, with the proposed design, neither the membrane
nor the silicon pixels should increase their maximum yield strength.

The final design proposes pixels of different types, orientations relative to the crystal and membrane shapes and sizes. 27
devices are featured per wafer. Note that those devices were designed in close collaboration with Nicolas Roisin. Indeed,
should the final devices work as intended, his intention is to use them for his PhD.

The processing of the wafers themselves to build the final devices started by designing a microfabrication process from
scratch. This process, made out of 85 individual steps was carried out on three homemade SOIs (SOI made by deposition
of polycrystalline silicon on a BOX of thermal oxide grown from a bulk silicon wafer) and four real SOIs with a 300
nm thick top layer of monocrystalline silicon. The goal of using those two wafer types being to asses the performances
of polycrystalline silicon compared to mono-Si upon the application of strain. The wafers all went through the same
process made out of seven individual lithographic steps.

The result at the end of this thesis is the successful fabrication of a set of, theoretically functional devices (in terms of
NPN and PN), on SOI silicon wafers. The last step of dicing the wafers and releasing the membrane could indeed not
be done due to a lack of time. This is where the disappointment in this thesis resides.

Indeed, a lot of additional work could still be done. For instance, the process should be completed to demonstrate the
successful fabrication of polyimide based membranes and after that, the characterisation of the optical performance and
effect of strain on the silicon could be performed. The plans for characterising the final released membrane includes
putting the structure in the pressuriser equipment designed by Thibault Delhaye and Nicolas Roisin. This device is just
what we need since it allows to pressurise membranes up to a bar while putting the structure under illumination. Various
wavelengths up to 1.3 num could be used while playing the applied pressure. The ohmicity of the contact should also be
measured after the 432°C baking of the deposited aluminum on the silicon pixels. Finally, putting our rectangular dies
into the four point bender to perform Raman measurements is also something yet to be done. This additional work will
be attempted during the period left between the hand out of this work and the oral presentation.

All things considered, one could say that a sequel to this thesis could easily be written by considering the potential work
left to do. In addition, some considerations were voluntarily left out of the final manuscript in an attempt to not make
the page count jump to 200. Hence, the publication of an Addendum is at this stage not excluded.

One clear win however of this master thesis, apart from the successful fabrication up to the present point of the micro
devices, is the gained training of its writer. Indeed, should the reader consider this thesis a sufficient amount of work for
a PhD to start, the writer of this work would begin this endeavour with a solid background and know how on micro and
nanofabrication techniques acquired during the month of work in cleanroom.
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Part VI
Appendix

1 Fabrication process for the homemade SOI

DIY SOI fabrication from Bulk silicon wafer
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3|Cleaning standard 33| 1| 33
4|Wet thermal oxydation Koyo 1 Si02 600 n 108| 1]108
5|Mesure de courbure Dektak 2,2 3|66
6|Mesure ellipsometrique Sentech 2,2 3| 6,6
7|Cleaning standard 33| 1| 33
8|LPCVD poly-silicon frontside Koyo 2 Poly-Si 620°C (300 n 108| 3|324
9|Mesure de courbure Dektak 2,2 3| 6,6
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IPrice per device: NA

2 Fabrication process for the SWIR detector according to the SP2
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1 Custom Marquage pointe diamant 0 0 0
2 Custom Pollissage des bords 3" SOI 0 0 0
3 Custom Retirage resine de protection 0 0 0
4 Mesure de courbure Dektak 2,16 7 1512
5 Mesure ellipsometrique Sentech 2,16 7 1512
6 Standard cleaning Wet bench 32,5 1 32,5
7 Nitrogen Degazing TEMPRESS 800°C 0h15' 271 1 27,06
8 HMDS adhesion promotion LPII 0 0 0
9 Lithography positive frontside (1) Strain-Mesa, layer 1, lighfield AZ MIR701 (+) 0,7 um 5 8 40
10 Inspection au microscope Zeiss Axio microscope 22 8 176
11 Top silicon RIE Oxford Plasmalab ICP-RIE: Bosh etch SF6 See notes 32,5 8 259,84
12 Resist removal Acetone + methanol+ DI water rince Wet bench 0 0 0
13 Inspection au microscope Zeiss Axio microscope 22 8 176
14 Mesure de courbure Dektak 22 8 176
15 Standard cleaning Wet bench HF bath 33 1 33
Note that we lost some
silicon in the process
16 Si02 Wet thermal oxydation Koyol 27 nm 514 8 41,12 (approx 25nm)
We skip this steps
because we coat
directly after the
17 Nitrogen Degazing TEMPRESS N2 27 1 27 oxidation
18 Lithography positive frontside (2) Strain_DOPING, layer 4, darkfield AZ MIR701 (+) 0,7 um 5 8 40
19 Inspection au microscope Zeiss Axio microscope 22 8 176
20 Implantation @IBS Saturation Phosphorus N++ 5,00E+15 30 KeV 992 1 992,19
21 Inspection au microscope Zeiss Axio microscope 22 7 154 Checkto see if burnt
22 Resist removal Barrel 500 W 10 min 54 1 54
23 Standard cleaning Wet bench NO HF 33 1 33
600°c parce que on ne
veut pas trop diffusé
24 Nitrogen Degazing TEMPRESS 600 0h15' 27 1 27 nos porteurs
25 HMDS adhesion promotion LPII 0 0 0
26 Lithography posi frontside (3) Strain-Si-P-dop-M, layer 7, darkfield AZ MIR701 (+) 0,7 um 5 8 40
27 Inspection au microscope Zeiss Axio microscope 2,2 8 17,6
28 Implantation @IBS Boron P+ 1025 1 1025
29 Inspection au microscope Zeiss Axio microscope 22 7 154 Checkto see if burnt
30 Mesure de courbure Dektak 2,2 8 17,6
31 Resist removal Barrel 500 w 0h10' 54 1 54
32 Standard cleaning Wet bench NO HF except BS 33 1 33
La machine a rta est
cassée donc on fait
comme ca. Pris en
33 Nitrogen Degazing/HM_RTA TEMPRESS 850 30 27 1 27 compte dans la simu
Test to be done on BS
first to check recipe. It
is 32,48€ per pass (2
34 Depot oxyde PECVD Oxford Plasmalab PECVD 200 nm 32,5 4 129,92 wafers per pass)
35 Mesure de courbure Dektak 22 8 17,6
36 Mesure ellipsometrique Sentech 2,16 1 2,16
37 Standard cleaning Wet bench 33 1 33
We do not degas the
other wafer to not
38 Nitrogen degasing TEMPRESS N2 850 15 27 1 27 difuse the dopant
39 Si02 Wet thermal oxydation Koyol 250°C 600 nm 108 1 108
Try without nitrogen
degasing first. If it does
not work add degasing
40 HMDS adhesion promotion LPII 0 but at 600°C
For contact opening.
Negative tone or image
41 Lithography Negative frontside (4) Strain-ALU LINES, layer 2, lightfield Negative tone 5 8 40 reversal
Can we inspect all
wafers ? The BHF bath
is for uncontaminated
wafer only. Is using the
microscope a to high
42 Inspection au microscope Zeiss Axio microscope 2,2 8 17,6 contamination source ?
Contact opening. Etch
rate to be measured
first on B2 (PECVD) and
43 Si02 wet etching HF/ NH4F 1:7 63 nm/min 4min 7,58 1 7,58 B3 (thermal oxyde)
We check the etch rate
on B2 and B3 on ellipso
before moving on to
44 Mesure ellipsometrique Sentech 2,16 2 4,32 the real wafers
We control the under
45 Inspection au microscope Zeiss Axio microscope 0 etch
46 Resist removal barrel 500 W 10 min 5,4 1 54
47 Standard cleaning Wet bench NO HF 33 1 33
Test the deposition on
48 Al-Si deposition (sputtering) VST 600n 0 B6
49 HMDS adhesion promotion LPII 0
50 Lithography Positive frontside (5) Strain-ALU LINES, layer 2, lightfield AZ MIR701 (+) 0,7 um 5 8 40
51 Inspection au microscope Zeiss Axio microscope 2,2 8 17,6
Controle etch rate on
B6 Wet etch did not
work we went with dry
etching in corial
52 Aldry etch CI2 corial 32 7 224 (pricing of oxford)
53 Resist removal Barrel 500W 10 54 1 54
54 Inspection au microscope Zeiss Axio microscope 22 8 176
Check electric contact
55 Electric contact measurment In welcom with prober before Al 432 baking
Beginning SP2 process
56 Blue resist spin coating Suss gamma 80 coater Frontside Protection of the wafer
57 Application of protective plastic film Front side 125 um Protection of the wafer
58 Back grinding Back side 300um (final)
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Rincing
Protective plastic peel

Blue resist strip

Thickness measurment

Cleaning (non standard)

Al 432°C baking

Blue resist spin coating

Al deposition

HMDS application

Lithgraphy positive backside (6)
Al wet etch

Resist strip

Inspection au microscope

Cleaning (non standard)
Soft degasing
HMDS application

PI2545 spin coating
Soft bake

Resist spin coating

Soft bake

Lithgraphy positive frontside (7) (exp only)
PEB

Development in puddle

Resist strip

Hard Bake of PI

Dicing

Bosh process or XeF2

Rince under DI water for 3 min

Rince in acetone, propanol, DI

Fuming nitric acid 10 min clean
Al furnace 432°C 30 mins
Suss gamma 80 coater Frontside

VST 5A/s

[ 23 min
Strain-MEMBRANES, layer 5, darkfield AZ MIR701 (+)
H3PO4 60°C

barrel 500 W

Zeiss Axio microscope

Fuming nitric acid 10 min clean
HOT plate 300°C 15 mins
LPil 23 min
500 rpm for 5''/2000 rpm for 45" Manual coater
140°C 3mins
Suss gamma 80 coater AZ MIR701 (+)
Suss gamma 80 coater 90°C
strain-OPEN PASSIV, Layer 6, darkfield 200 mJ/cm#2
Suss gamma 80 coater 120°C
Manual until Pl is removed on pads
Acetone

350°C

10 min rince

H2+N2 flow

300 nm/min
10 min

10 min rince

0.7 um
90 sec

90 sec

300 nm

0.7 um
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To remove particle.
Frotter avec essui tout
de chambre propre
Careful fragile wafer
Propanol after acetone
to avoid leaving
condensed water
traces

Measure final thickness
of grinded wafer
Fuming nitric acid does
not attack Al

For Al to diffuse into
silicon and suppress
the schottky barriers

Protection of the wafer

Fuming nitric acid does
not attack Al
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