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Abstract

Measurement of thermal radiation through uncooled bolometers is at the
heart of many industrial applications. From the development of the Honey-
well silicon microstructure developed in 1982, no particular change in paradigm
was recorded. The advent of 2D-materials offers a whole new promising future
for bolometric measurements and thermal detection. 2D-materials have record
properties extremely sensitive to external stimuli making them great candidates
for boosting bolometers performance.

In this work, a method to model, fabricate and characterise 2D material-
based bolometers is presented. The proposed design uses a suspended 2D-
material beam as thermal sensor and IR absorber. The model suggests an im-
provement of the state of the art on three different aspects. Reduction of thermal
losses, tunable enhancement of absorption and increased bandwidth. An inno-
vative read-out technique is also suggested.

Bolometers employing graphene as suspended beam were successfully fab-
ricated. An optimised fabrication process is proposed and allow to consistently
produce devices having optimal properties to host graphene. Electrical mea-
surements on graphene beams lying on silicon dioxide showed good tunability
of graphene resistance through electrostatic gating proving possible to enhance
thermal radiation absorption in graphene. The results obtained offers a promis-
ing outlook toward the future of 2D material-based bolometers.
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1 | Introduction

his thesis presents the development of a 2D material-based bolometer. A lot
T of time was spent on the micro-fabrication of bolometers and therefore the
majority of attention is focused upon this. The devices fabricated following this
thesis could be used for a multitude of sensing applications, but in this report it
was decided to follow the pathway of bolometers. However, before diving into
technical explanations, it is probably worth spending some words elucidating
what bolometers are and what the so called Two Dimensional materials (2D-
materials) look like.

Bolometers (from Greek: BoAo- means "thrown things" and -uetpov means
measurer) are thermal detectors specifically designed for thermal radiation. This
definition is not univocal and some people like to define bolometers as being
sensors used to detect the power of electromagnetic radiation. In this report it
is preferred to stick to the more restrictive former definition. A thermal detec-
tor is a device that can transduce a variation in temperature into a change of
another physical property, which can be easily measured. Thermal radiation,
instead, is a type of radiation emitted though the relaxation of thermally ex-
cited particles. Planck described the power spectrum of thermal radiation the
first time in 1900 with the nowadays named Plank’s law:

2he? 1

u(A,T) = _
( ) A3 eA]}TCT—l

(1.1)
where: u is the radiated power per area, solid angle and wavelength A, T is
the temperature, 1 is the Plank constant, c is the speed of light and k is the
Boltzmann constant. The total emitted power can be deduced from Plank’s law
and takes the name of Stefan-Boltzmann law:

P = AecT* (1.2)

where: A is the emitting surface, € is the emissivity and ¢ is the Stefan-Boltzmann
constant. Plank’s law is valid at thermal equilibrium for an idealised body



Thermal
detector

Infrared

A&
absorber

Bolometer

Figure 1.1 — Elements in a bolometer. The incoming thermal IR radiation power P
is absorbed by the IR absorber and converted into a temperature variation AT. The
thermal sensor transduces the temperature variation into a change in another physical
quantity A¢, where ¢ is often a voltage or current signal. Monolithic bolometers have
the IR absorber and thermal sensor collapsed into one single physical element.

called ”“black body”, which is a body that absorbs all incident radiation. Never-
theless, all bodies with a temperature different from the absolute zero emit ther-
mal radiation. Plank’s law tells that the power spectrum is uniquely defined for
each fixed temperature. For instance, the peak of radiation for a body at room
temperature (normally fixed at T,~295K) is around A =10um. Or again, the
majority of radiation emitted by bodies with temperature close to room temper-
ature lies in the InfraRed (IR) region of the electromagnetic spectrum. Hence,
bolometers dedicated to thermal imaging of the world around us must be par-
ticularly good in absorbing the power of this portion of the electromagnetic
spectrum. When this happens, the temperature of the sensing element of the
bolometer changes and the signal transduced by the thermal detector is mea-
sured. Bolometers employed for thermal imaging such as night-vision goggles,
infrared thermometers,...Operates in the range of A = 8 — 14um, which cor-
respond to the transmitted window by air for a body with temperature close
to room temperature. From now on with the word “bolometer”, it is meant
those devices dedicated to IR radiation detection . Bolometers are made of two
elements: the IR absorber which transduces the absorbed radiation into a tem-
perature variation and the thermal sensor which further transduces the ther-
mal variation into (most likely) an electrical signal as shown in figure 1.1. In
other words, a bolometer is an electromagnetic radiation detector dedicated to
thermal radiation (specific application) whose transduction uses a variation in
temperature (specific working principle). Obviously, they can detect all types of
radiations in the range of wavelengths they operate on, but bolometers are gen-
erally used for thermal radiation. Two main groups of bolometers exist. Cooled



bolometers, which operate at low temperature and uncooled bolometers. The
former have the advantage of reducing thermal noise (Johnson-Nyquist noise),
which is an intrinsic limiting factor of all materials. On the other hand, the lat-
ter are, more easily reduced to small sized Micro ElectroMechanical Systems
(MEMS) for portable devices. The adjective "uncooled" delineate a device that
does not use artificial methods to alter its own temperature. Hence, uncooled
bolometers generally operate at room temperature. Many transduction meth-
ods can be used in bolometers. Some examples are: resistive bolometers, py-
roelectric bolometers and ferroelectric bolometers. For instance, in resistive
bolometers, the absorbed IR radiation causes a change in resistance that can
be electrically detected in different ways. The simplest is to apply a voltage and
measure how the current changes in function of incident radiation.!

The discovery of 2D-materials launches a whole new perspective for bolome-
ters and bolometric measurements. In fact, these materials have extraordinary
properties compared to their bulk relatives. 2D-materials belong to a larger
category named nano-structural materials. The latter are defined as materials
having at least one dimension at the nanometric scale. At this scale the electron
wavelength is comparable to the material size. Hence, quantum confinement
has an impact upon the band structure of materials and therefore upon their
physical properties. Nano-structural materials are divided into three main cat-
egories:

¢ (OD-materials: quantum dots, nanoparticles binary arrays,. ..
¢ 1D-materials: nanowires, nanotubes, nanoribbons,. ..
¢ 2D-materials: nanosheets, nanoplates, nanowalls,. ..

It is generally meant that an xD material has nanoscale dimensions along 3-
x directions. In this sense, dimensionality affects the physical properties of
materials. Among 2D-materials one finds nanosheets. Nanosheets are further
divided into three categories that define how 2D-materials are found in their
bulk equivalent: layered van der Waals solids, layered ionic solids and surface
assisted non-layered solids. The first are the most commonly known. Solids
are organised in arrays of randomly oriented 2D-sheets bound to each other
through van der Waals bounds. These 2D-materials can be obtained using dif-
ferent techniques: mechanical exfoliation, liquid exfoliation, epitaxial growth,
Chemical Vapour Deposition (CVD),...Many 2D-materials have been isolated

I This paragraph was strongly based on reference [1].



up to these days, among them one finds graphene (zero-gap semimetal), MoS,
(semiconductor), Black Phosphorous (semiconductor) and hBN (insulator) [2].2

In this thesis, CVD-graphene is used as IR absorber and thermal sensor as it
will be extensively explained later. It is important to understand from the be-
ginning that it doesn’t have to be graphene. In fact, the approach developed
in this thesis is similarly applicable to all 2D-materials and the most favourable
one need to be chosen depending on the detection technique employed by the
bolometer. In summary, the goal of this report is to provide a method to model,
fabricate and characterise 2D material-based bolometers and justify their tech-
nological importance.

2This paragraph was strongly based on reference [3].



2 | Background

2.1

211

he purpose of this chapter is to give the necessary background to under-
T stand the importance of the steps undergone in this report as well as the
motivation driving them. Many statements expressed in the introduction will
be justified with a more scientific foundation.

Initially, a mathematical method to quantitatively compare bolometers per-
formance will be presented. Then, the advantages of 2D-materials for bolo-
metric measurements will be exhibited. Finally, the state of the art of bolome-
ters and the fabrication techniques for graphene beams suspension will be dis-
cussed.

Bolometers modelling

ultra It is useful to have a model for bolometers that allows to predict their
behaviour and more importantly to compare their performance independently
from the transduction technology employed. Some figures of merit will be dis-
cussed in the following sections. The model is developed in a rather generic
way and should provide a strong fundamental understanding of the problem
to help comprehend the results taken from literature.

Mathematical model

The mathematical model considers uncooled monolithic bolometers (thermal
sensor and IR absorber are collapsed into only one element) in opposition to un-
cooled hybrid bolometers (separated elements). The physical situation is rather
complicated, but it can be simplified into a very simple model [4, 5]. Figure
2.1 shows all the important elements one needs to account for when he de-
scribes bolometers behaviour and performance. One of the critical factors de-
termining bolometers performance is noise. The latter can be divided in two
categories, namely: interfering noise and random noise [6]. The former consist
in thermal fluctuation noises in the IR absorber due to the environment, such
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Figure 2.1 — Model of a monolithic bolometer. Physical situation on the left hand side

and simplified mathematical model on the right hand side. C is the heat capacity of the
IR absorber and thermal sensor component, G has units of thermal conductance and P;
is the power source. In red the target signal to be measured.

as: background radiation, emitted radiation, convection and conduction to the
environment. While, the latter consists in all intrinsic forms of noise such as:
Johnson-Nyquist noise, Flicker noise (also known as Pink or 1/ f noise), Shot
noise and phonon noise. It is said that a device is working at its background
limit if all interfering noises are reduced to radiation only.

The response in temperature of a bolometer to a radiative incoming power can
be mathematically determined. It is worth reminding the definition of thermal
conductance:

dP

Gi= 1= (2.1)

where: P is power and T is temperature. In what follows, it is supposed that
the surface area of the IR absorber and thermal sensor element is small enough
to have the same temperature across the whole surface (no temperature spatial
distribution). In this example, the read-out is performed by applying a bias
voltage Vpias to the IR absorber and thermal sensor in order to measure a current
change as a function of incoming radiation. The model structure is not modified
by the read-out technique method. Temperature variations are considered to be
small 6T /T < 1. The first step toward modelling a monolithic bolometer is to
define a generalised thermal conductance G = G(T) such that:

G = Gjoule effect T Geonduction to substrate T Geonduction to environment

(2.2)
+ Gconvection + Gemitted radiation



It can be shown that each term on the right hand side of the equation can be
generally expressed as a power law: G(T) = GoTX [4,7]. Some examples are:

dP.. . L
Genmitted radiation = emlttsid]fadlatlon = 4Aeo T’ (2.3)
dPioule effect VZ.sR—R
_ @Houle effect b L
Gijoule effect = a7 = - T}gs R+ R“ (2.4)

where the first one has been obtained from Stefan-Boltzmann law (equation
(1.2)), while details for the second equation can be found in reference [4]. In
this formulae: A is the total emitting surface, € is the emissivity, ¢ is the Ste-
fan—Boltzmann constant, R is the IR absorber and thermal sensor element resis-
tance, R, the internal resistance of the generator applying the bias voltage and «
is the Temperature Coefficient of Resistance (TCR). The power source term can
be written as:

Ps = Ps (t) = Pthermal radiation + P background (2.5)

Basically, what was done by defining the generalised conductivity was bring-
ing the dissipative terms on the left hand side of the thermal equation and re-
express them as conduction terms. Consider now that the temperature of the
IR absorber and thermal sensor element is close to the substrate temperature T
(equal if at thermal equilibrium with Ps = 0), say T; + 6T . The equation describ-
ing the behaviour of the IR-absorber and thermal sensor element temperature
Ts + 0T is:

d (T, + 6T)
dr

C

Ts+0T
C +/ G(T)dT' = nPs(t)
d (6T)
dt

(2.6)

+ G(T5)0T = nPs(t)

where: 7 is the absorbance. The equation was linearised thanks to 6T/T < 1
and the thermal equilibrium condition dT;/dt = 0 was used. This equation is
readily solved using Fourier analysis:

ST(H) = % / 0:0 5T(w)e“ dew 2.7)
P(t) = % /_ 0:0 Py(w)e“tdw 2.8)

Inserting these two equations in equation (2.6) gives:

1 1

OT(w) = G1+iwt

nPs(w) (2.9)



2.1.2

where the time constant T = C/G was defined. Hence, the IR absorber of the
bolometer behave as a low pass filter with cut off frequency f. = 1/ (2nt) =
G/ (27C). It is important here to notice the significance of C and G for thermal
imaging as limiting bandwidth factors. !

The sources of random noise still have to be introduced in the model. Random
noises are modelled as signals with zero average and no correlation v,. A good
way to deal with these kind of waveforms is to consider the mean square noise:

. 1 t/2
v2 = lim =~ v2dt (2.10)
t—oof J_t/2
When two of such signals are summed v = v;,, + v;,, and the mean square noise
is computed the uncorrelation between noise signals implies that 7,,7,,, = 0
and therefore:

0?2 =02 +03, (2.11)

However, noise signals are usually described by their spectral density function
Sy (f) such that:

F= [ su(f)ar (2.12)

In general, it can be difficult to have a mathematical expression of the spectral
density, but some examples are [5, 6]:

S]ohnson—Nyquist = 4kTR (2.13)
Sphonon = 4kGT? (2.14)

K/
Stlicker ~ K+ — (2.15)

f

where: k is the Boltzmann constant and K and K’ are some constants. All the
elements presented in this chapter are critical in the quantification of bolometers
performance as it will become clearer later.?

Figures of merit

There are many figures of merit that describe the performance of bolometers,
the ones considered in this report are the responsivity (R) and the Noise Equiv-
alent Temperature Difference (NETD).

This paragraph was based on references [4,8].
2This paragraph was based on reference [6].



2.1.3

The responsivity is a function of the thermal radiation power. This quantity
is defined for Ps = Pihermal radiation and it is computed as the derivative of the
output voltage signal Vit with respect to the icident radiant power Ps:

dVout

This is an example for a voltage read-out. If, for instance, the output signal is a

R =

(2.16)

current, Vot must be replaced with Ioy. Thus, the units of R vary depending
on the read-out signal. This quantity can be seen as an output-input gain.

The NETD is defined as the necessary temperature change of an infinitely
large black body emitting the source power Piermal radiation tO increase the av-

erage signal to noise ratio Vout/ y/ % (in case of voltage read-out) from zero to
one. In other words it is the minimal temperature difference detectable by the
bolometer. Mathematically:

4F%y,

NETD =

(2.17)

where: 1, is the optics transmittance, Ap total pixel area and F = 1/2sin 6 with
6 the angle which the marginal ray from the optics makes with the axis of the
optics at the focal point of the image. (AP/AT), _,, is the change in power per
unit area radiated by a blackbody at temperature T, with respect to T, measured
within the spectral band from A; to A,. This values for some intervals are listed
in reference [1]. Since NETD o« v,, according to equation (2.11), the NETD
values of different noise sources can be summed as follows:

NETthotal = NETDrzmise source 1 + NETD (2-18)

2
noise source 2 + ...

Both these two quantities can be experimentally measured and used for
comparison between bolometric devices. The theoretical model will serve as
a guideline to establish which parameters have an impact on the improvement
of bolometers.?

Discussion

Having a theoretical approach is advantageous because it allows to extrapolate
what parameters are important to be tailored in order to improve the quality
of bolometric measurement. Reference [7] offers a very similar, but more com-
plete analysis than the one presented in the previous subsections. The model

3This subsection was strongly based on references [1,8].
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2.2

developed in that paper is valid for an array of resistive bolometers with bias
current I,;,s and voltage read-out. In a real situation many terms are often neg-
ligible, for instance, it is often true that Gemitted radiation <& Geonduction to substrate
or Geonvection ~ 0 specially for vacuum packages. What can be easily under-
stood is that the improvement of bolometers rely mainly on three pillars: en-
hancement of the IR-radiation absorption, improvement of thermal isolation
and reduction of the IR absorber mass and therefore reduction of the thermal
capacity. A fourth important parameter that improve bolometric measurement
is the increase of the measurement resolution on the read-out physical quantity
(generally voltage). The latter is not part of the presented theoretical model. In
Section 3 it will be stated how 2D-materials help improving bolometric sensors
based on these pillars.

Advantages of 2D-materials

In the introduction of this work it was already discussed how dimensionality
confer to 2D-materials extraordinary properties, very different from those of
their bulk equivalents. In this section the properties of graphene will mainly
be reviewed. The reason is that graphene was the 2D-material available when
the fabrication process started and therefore it was the one used. It is reminded
that the goal is not to claim that graphene should be employed, but to present
an approach to fabricate and characterise 2D material-based bolometers inde-
pendently of the material and justify their technological importance.

Graphene is a 2D-material, which was first isolated by mechanical exfoli-
ation in 2004. One of the most widely used graphene type today is proba-
bly CVD-graphene, because it can be deposited in large sheets with still high
levels of purity. Graphene is a monoatomic sheet of carbon atoms covalently
bound in a honeycomb structure through hybridised sp? orbitals. Graphene
is a zero band gap semimetal. It is interesting for bolometric applications be-
cause of its large absorption band extending through all the IR spectrum and
its constant absorption strength on the whole spectrum [2,9]. Graphene addi-
tionally exhibit extremely high carrier mobility at room temperature, extremely
high Young’s modulus (~ 1TPa) and excellent thermal conductivity (3000-5000
Wm~1K™1) [10]. Graphene is extremely flexible (can sustain elastic deforma-
tions of more than 20% and has high breaking strength of 42Nm~!) and its
sheet resistivity can theoretically be as low as ~30Q0] [10,11]. Additionally,
the mass of graphene and all 2D-materials in general is extremely small due
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to their nanometric thickness. Consequently, the heat capacity of these mate-
rials is dramatically affected and low (due to the small mass) [12]. But, on the
other hand the specific heat of graphene is claimed to be slightly higher than
that of graphite at room temperature and it is transparent to light (white light
absorbance 2.3%) [10,13]. Another interesting feature of graphene is the high
in plane thermal conductivity (due to its strong sp? covalent bonds) and rela-
tively low out of plane thermal conductance (limited by weak van der Waals
coupling) [13]. This difference is highly affected by defects in the graphene
sheet.

Nevertheless, the most attractive feature of 2D-materials is that their phys-
ical properties are extremely sensitive to external stimuli such as mechanical
deformation, doping, external electric fields,...Thus, it possible to tune their
properties at a highly controllable manner [10]. 2D-materials are naturally great
candidates for Nano ElectroMechanical Systems (NEMS) applications. The iso-
lation of graphene was quickly followed by many others such as: MoS;, Black
Phosphorous, hBN... And they all are interesting as they show extraordinary
and tunable properties. The list of 2D-materials grows with time and each of
them could be a good candidate for a particular bolometric application. It is
therefore hugely profitable to have a generic approach to fabricate 2D material-
based bolometers independently of the chosen 2D-materials.

State of the art

A general trend of the last many years in the electronics market has been minia-
turisation and portability of electronic devices. This trend supported uncooled
resistive bolometers as being easily reducible in size and low in energy con-
sumption. Still most modern resistive bolometers derive from the pioneering
Honeywell silicon microstructure developed in 1982 [1]. The latter is made of
a suspended membrane over the electronics. The membrane is made of silicon
nitride (the IR absorber) and sandwiches a thin film of vanadium oxide (hav-
ing a large TCR, it acts as the thermal sensor). The Honeywell bolometer is an
hybrid bolometer having physically separated IR absorber and thermal sensor.
Many variations of this structure exist nowadays but the basic principle stays
very similar. NETD achieved are of the order of ~ 50mK. Using suspended
membranes as a double advantage. First it reduces thermal losses to the en-
vironment and substrate and second a Fabry-Pérrot cavity can be created with
the substrate in order to increase absorption. For IR detection in the spectral

11
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interval of 8-14 ym a cavity size of ~ A/4 = 2.5um is required. *

A more recent innovation is the substitution of the bi-functional membranes
of the Honeywell structure with ultra-thin Pt/Al,Os films, where absorption
and sensing are performed by one single element [14]. These structures have
two interesting advantages: first thermal isolation (thinner membranes have
lower conductance) and second the absorption can be tuned by varying the
film thickness [15,16]. NETD values of 163mK and time constants of 1ms were
achieved with this technique.

2D-material based bolometers can take the form of suspended beams. It is
therefore interesting to bring to light a study done in 2010 on a large array of
suspended CVD-graphene beams found in reference [17]. They used two dis-
tinct fabrication techniques for the beams. The first were fabricated by transfer-
ring pre-patterned graphene beams onto trenches, while the seconds were fab-
ricated by transferring unpatterned graphene, patterning the graphene on the
substrate, depositing and patterning gold on top of graphene to generate electri-
cal contact and releasing the graphene by wet etching and critical point drying.
This technique is probably the most often employed to create graphene beams
up to these days (see for instance [18-21]). They further claim and demon-
strate that the resonance frequency of these beams can be modulated by either
gate voltage or temperature. They additionally state that buckling, ripples and
variable compression/shear/tension are the sources of differences in resonance
frequencies among geometrical identical beams.

One of the latest published papers about uncooled thermal sensing using
2D-materials is presented in reference [21]. In their approach they exploit the
tunable seedback effect of graphene for demonstrating thermal imaging. They
claim to achieve responsivities R of the order of 7-9V/W at A = 10um and time
constant T =23ms. The carrier mobility of graphene seems to be the bottleneck
of the intrinsic improvement of NETD. In fact, it is stated that improvements
in the graphene transfer technique could enormously improve the carrier mo-
bility and consequently reduce the NETD to values in the range of 30-150 mK.
Currently, the experimentally measured NETD was 30-40K and since the latter
is dependent on external factors such as the optics, it is claimed that a reduction
to 1K could be reached only from extrinsic optimisation. Back in 2007, calcu-
lations showed that NETD values as low as 200mK can be achieved at room
temperature and atmospheric pressure [7].

4This paragraph was based on references [1,8].



3 | Design and motivation

3.1

3.1.1

This chapter is dedicated to the presentation of the schematic and working
principle of the proposed device. Firstly, the schematic will be described
and secondly the advantages with respect to the state of the art will be dis-
cussed.

Design schematic and working principle

Figure 3.1 shows the proposed device. A suspended graphene beam is con-
nected to two gold electrodes named source and drain. A gold gate electrode
for electrostatic doping of the graphene is placed under the graphene beam and
forms a Fabry-Pérot cavity with the graphene beam. The graphene beam acts
as the IR absorber and thermal sensor. Two different types of red-out can be
employed with this bolometer. The more traditional one is through changes
in beam resistance. While, the second utilises shifts in the beam resonant fre-
quency.

Resistive read-out

The resistive read-out is the traditional way bolometers works. In this design
the IR-radiation is absorbed by the graphene sheet. Absorption at the wave-
length of interest is enhanced by the Fabry-Pérot cavity. The IR-radiation infer
to the graphene a temperature increase dT proportional to its power and there-
fore a resistance variation dR can be detected:

dR = RadT 3.1)

where: a is the TCR. A bias current can be applied in order to transform the vari-
ation in resistance into an easily measurable voltage variation. For this type of
read-out, high values of TCR are favourable to increase responsivity. Graphene
is not the most suitable material for this type of read-out method as it has low
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IR radiation

2D material:
IR absorber +
thermal sensor

Source

2D material + reflector
= Fabry-Pérot cavity
Gate + reflector

Figure 3.1 — Schematic of the proposed device. A graphene beam is suspended between
two electrodes and functions as the IR absorber and thermal sensor. A gate electrode is
placed under the graphene and create a Fabry-Pérot cavity with the graphene beam.

TCR coefficient « = —1.2-1073K~! [22]. For sake of comparison vanadium
oxide has a TCR coefficient of « = 65 - 1073K~1 [23].

Resonant frequency read-out

Frequency read-out is a more innovative method of detecting variations in tem-
perature of the graphene beam. One way to measure the resonant frequency is
to apply a constant source-drain voltage and a AC/DC voltage to the gate. The
AC component is used to excite the graphene beam. In a continuum model the
resonant frequency of a pinned-pinned beam, which is a good first approxima-
tion of the clamped-clamped beam, is given by [17,24-27]:

2
n EIL, orAcL?
= —_— 02
fresm 212 \/pmAC\/ EI EI,m2n2 (3.2)

where: n is a positive integer, E is the Young’s modulus, p;, is the beam mass

density, I, is the second moment of inertia with respect to the y-axis (set along
the beam width), A, is the beam cross-sectional area, L is the beam length and
o is the tensile stress. When tensile stress dominate (07 A.L?/ (EL, nznZ) > 1)
the equation simplifies. If the explicit dependences on temperature T and DC

gate voltage Vgc are introduced, one finds:
pc _ " 9T (T, VEY)
Fresm (T, VE ) =i\ T (3.3)
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For a beam with rectangular cross section of thickness t, the tensile stress domi-
nance condition can be re-expressed geometrically: e > t>712n%/(12L?), where
e is the tensile strain. The tensile stress depends on the DC gate voltage (ini-
tial displacement offset) and on the temperature of the beam. In fact, when
the graphene beam is heated by the IR-radiation it has tendency to contract,
hence increase the tensile stress and finally cause a shift in resonant frequency.
This effect is further enhanced by the substrate expansion!. Mechanical defor-
mations cause proportional changes in the graphene electrical resistance [28].
Hence, the resonant peak is reflected in the current measurement and shifts of
the current peak can be detected by Fourier analysis. Similarly to the resistive
read-out, it is favourable to have high linear expansion coefficients. The one of
graphene is at ~ —8-107°K~! [26,29]. For sake of comparison for gold one
finds ar ~ 14 - 107 °K~1.

Significance of the study

Bolometers fabricated from 2D-material have a great perspective for the future.
Having suspended sheets improves thermal isolation to the surroundings and
most of the heat loss is dictated by conduction to the anchors. The low beam
mass enormously reduces the thermal capacity of the IR-sensor and therefore
increases the bandwidth of the bolometer. Another fundamental aspect of 2D-
material is the high level of tunability of their properties.

The absorbance of some of these materials may be low (for instance the one
of graphene being 2.3% for white light), but this property can be electrostati-
cally enhanced [30]. The electrical conductivity o, of the beam can be tuned by
applying a DC gate voltage Vgc (tield effect) [31,32]. Consequently, the absorp-
tion being a function of the electrical conductivity A(c), it can be maximised
by impedance matching [16]. Absorption can be further increased at a specific
wavelength by the Fabry-Pérrot cavity.

Graphene on its side is interesting for resonant frequency read-out due to
its mechanical properties. In fact, graphene is extremely flexible, it can sustain
large elastic deformations and has very high breaking strength. This innovative
read-out method could have a positive effect on the device dynamic range.

The fabrication of 2D-material suspended beams is often accomplished with
the following fabrication steps: (i) 2D-material transfer on sacrificial layer, (ii)

lAssuming hnearity: or (T/ Vg C) = 070 — E(T) (“T,graphene - D‘T,substrate) (T - T ) +
o (Vgc), where 07 is the initial tensile stress [24].
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2D-material patterning, (iii) evaporation of gold on top of the 2D-material, (iv)
patterning of source and drain electrodes and (v) release of 2D-material by sac-
rificial layer etching (usually wet etching followed by critical point drying). The
fabrication proposed in this project has an advantageous difference: (i) evapo-
ration and (ii) patterning of gold source and drain electrodes on sacrificial layer,
(iii) graphene transfer, (iv) graphene patterning and (v) release of graphene by
sacrificial layer etching (vapour HF). Graphene transfer is maximally delayed in
the fabrication process. This is advantageous because any fabrication step done
on top of graphene can significantly reduce graphene quality and graphene to
electrode contact [33]. This is generally true for all 2D-materials. In this ap-
proach graphene will bind to the substrate through van der Waals forces.



4 | Fabrication

4.1

4.1.1

he goal of this chapter is to describe how the resonator described in the
T previous chapters can be transformed into a physical device. Two similar
fabrication run were performed and they will be both described with a similar
structure. The first part is dedicated to the description of the process flow and
the microfabrication steps, while in the second part the mask and wafer layout
will be discussed and justified. For each run, an extended description of the is-
sues encountered is delineated and a brief summary and conclusion presented.
Toward the end of the chapter, the devices obtained from the two runs will be
compared. Detailed runsheets and recipies can be found in Appendix A and
devices distribution on wafers and chips are shown in Appendix B.

First fabrication run

The purpose of the first fabrication run is primarily to reach the end of the pro-
cess flow and complete all the necessary trainings needed to use the tools in the
cleanroom. Few concerns will be devoted to the optimisation within the same
run. The process flow will then be globally optimised for the second run. This
pioneeristic approach allows to have both a larger picture and a more complete
feedback of the main problems of the fabrication as a whole. Additionally, it
makes possible to rapidly perform repetitive tests for non-conventional fabrica-
tion steps such as graphene patterning and graphene release.

Process flow

In this section the process flow of the fist fabrication run will be discussed in de-
tail. The problems and issues encountered will be discussed in Section 4.1.3 and
they give a strong feedback and solid starting point for the second fabrication
run. The entire runsheet with all recipes used at the Center of Micronanotech-
nology (CMi) facility at Ecole Politechnique Fédérale de Lausanne (EPFL) can
be found in Appendix A.
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Figure 4.1 — First fabrication run process flow. All figures are split into two in order to
avoid redundant information due to the symmetry of the devices. In fact, the dashed
red line can be seen as an axis of symmetry. On the left-hand side the schematic repre-
sentation of the cross section 1 shown in figure 4.3, while the cross section 2 is repre-
sented on the right hand side. (a) The starting point is a silicon wafer with wet thermal
silicon dioxide on both sides. (b) A layer of Chromium/Gold is evaporated on one side.
(c) The gold is patterned with a lithography step and wet etching. (d) A layer of silicon
dioxide is sputtered on the wafer. (e) Patterning of the oxide with lithography and wet
etching. (f) A second layer of Chromium/Gold is evaporated on the wafer. (g) Gold
patterning via lithography and wet etching. At this stage the wafer are ready to be
diced into single 10mm squared chips. (h) Graphene transfer. (i) The graphene is pat-
terned through a lithography step and oxygen plasma etching. (j) Vapour HF etching
of the silicon dioxide and graphene release.



The process flow is illustrated in figure 4.1. Suspended beams of graphene
with electrodes will be realised through a four lithography process. First gold
gate electrodes are defined via wet etching using resist as etch mask. A sacrifi-
cial oxide layer is deposited and patterned in Buffered HydroFluoric acid (BHF)
using resist as etch mask. Source drain electrode are defined in a similar way
as the gates. After dicing of the wafer graphene is transferred to individual
chips and patterned in an O, plasma using resist as etch mask. Finally vapour
HydroFluoric acid (HF) is used to release the patterned graphene.

The devices are fabricated on @100mm Single Side Polished (SSP) test p-type
(0.1-100Q2cm) wafer with 285nm of wet thermal silicon dioxide (SiO;) on both
sides. The same wafers are used for other purposes than this fabrication and this
specific oxide thickness is chosen to guarantee a good visibility of graphene on
top of these wafers under white light [34]. In this project the silicon dioxide
thickness is arbitrary and the oxide merely serve as dielectric. The first step is
to evaporate a layer of 5nm of chromium and 25nm of gold on the front side of
the wafer. Thin layers of metal are preferred to avoid the topography to have
a negative impact on the next fabrication steps. It is well known that the gold
has very poor adhesion on silicon dioxide substrates and therefore a thin layer
of chromium is mandatory to promote its adhesion and prevent delamination.

The first lithography step is then performed and the gate layer is patterned
into the Cr/Au layer by wet etching. The Critical Dimension (CD) of this lithog-
raphy step is 2um. The reason for choosing wet etching rather than ion beam
etching or lift-off is a matter of decreasing the risk of having fences at the gold
edges, while plasma etching was not an option for gold with the tools at our
disposal. Having smooth gold edges will be crucial when the drain and source
pads are patterned. In fact, fences would enormously increase the risk of break-
ing the graphene. All dicing marks and alignment marks for single chips and
wafer are also patterned during this step. The advantage of using gold is that it
does not oxidise.

A layer of 250nm, or 2.5um silicon dioxide is sputtered on the wafer in argon
atmosphere (referred to as low quality SiO;) at room temperature. The thin
layer of SiO; enhances the gate effect on the graphene layer and has a Fabry-
Perrot resonance in the short infrared, while a 2.5um thick layer increases the
Fabry-Perrot effect in the long infrared region, which correspond to the peak of
thermal radiation at room temperature.

The silicon dioxide is then patterned with a second lithography step and
wet etching in BHF. The CD of this lithography step and the alignment are not
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critical. The patterning of SiO; is necessary to guarantee the electrical contact
between the gate layer and the gate pad on the drain and source layer. The
silicon dioxide layer will then be used as a sacrificial layer for graphene release.
This is a well known technique, but sputtered silicon oxide is rarely used for
this purpose [35]. However, it was the best choice possible, since the majority of
the tools available for SiO, deposition did not accept substrates with gold. The
above mentioned sacrificial layer thicknesses were not successfully obtained
because no deposition rate measurement test was done and the deposition rate
provided by the CMi staff was not accurate (details in Appendix A).

A second layer of 25nm/100nm Cr/Au is evaporated on the wafers. This
gold thickness prevents gold from delaminating during wire bonding and guar-
antees the mechanical support when probing. This layer was then patterned
similarly to the first metal layer, but using a different etchant for chromium as
suggested in Section 4.1.3. A third lithography step is therefore needed before
wet etching the Cr/Au thin film. The CD of this lithography step is not criti-
cal, but the maximal error in the alignment should preferably be smaller than
500nm. Nevertheless errors in the range of 500nm - 2um should not compro-
mise the working principle of the bolometers.

At this stage, the wafers are ready to be saw diced into 10mm x 10mm
chips. This is necessary because graphene films are only 7cm x 7cm and wet
graphene transfer is better performed on small substrates. Furthermore, it is of-
ten found in literature that graphene is transferred before patterning the drain
and source pads and the gold is actually deposited on top of graphene (see for
instance [18-21]). This approach is disfavoured for two reasons. First, graphene
quality is affected at each fabrication step and therefore it is profitable to de-
lay the graphene transfer as much as possible [33]. Second, transferring the
graphene earlier implies dicing the wafer earlier and consequently increase the
number of fabrication steps on single chips and this would necessarily slows
the fabrication down.

The graphene foils are transferred to the 10mm square chips following the
process flow illustrated in figure 4.2. This procedure will be elucidated in more
detail later in this section. After the transfer is completed, a fourth lithography
is then performed in order to pattern the graphene in oxygen (O,) plasma as
suggested in references [36,37]. The etching is done at 200W for 30s in a chamber
with a pressure of 0.5mbar and an O, flow of 200sccm.

In the last fabrication step the graphene is released with a vapour HF etch.
Wet etching is not possible at this stage because the liquid surface tension would
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Figure 4.2 — Wet graphene transfer on a substrate. (a) The starting point is a copper
thin film with CVD graphene on both sides. (b) A PMMA layer is spin-coated on top
of the foil. (c) Graphene on one side of the copper foils is etched by oxygen plasma.
(d) Copper is etched in a HCI+H;O; solution. (e) The PMMA and graphene foil is
transferred to the substrate using the fishing method. (f) The graphene is attached to
the substrate prevalently by van der Waals bounds. (g) The PMMA is dissolved in

acetone.

cause the graphene beam to collapse and stick to the substrate unless critical
point drying is performed, but this would be more delicate and lengthy. During
etching the chips are heated up to 60°C. At this temperature the difference in
etch rate between wet thermal silicon dioxide and sputtered SiO, is greater than
at room temperature [38,39]. This increase in selectivity makes it easier to stop
etching at the interface between the two silicon dioxide types. Moreover, the
etch rate decreases with temperature and therefore it becomes easier to control
the procedure at higher temperatures. It should be kept in mind that it is quite
difficult to predict the etch rate of vapour HF specially because it is not linear in
time. Another possibility could still be to release the graphene via wet etching
and critical point drying but this technique was not tested during this project.

The wet graphene transfer process flow is shown in figure 4.2 [40]. The Technical
University of Denmark (DTU) is the provider of 7cm x 7cm copper foils with
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CVD graphene on top. From the very beginning, it is advised to mark the front
side of the foil with a marker, for instance with two dots. The foil may need to
be gently flattened with the help of two wipes before starting the transfer.

Initially, the film is placed on a PolyDiMethylSiloxane (PDMS) coated wafer.
The wafer with the foil is coated with a Poly-Methyl MathAacrylate (PMMA)
film as follows. First the entire copper film must be covered with an 8% PMMA
solution (8g of PMMA in 100ml of Anisole solvent). The wafer is spun for 1min
with an acceleration of 1000rpm/s up to a constant speed of 1000rpm. Finally,
the wafer is baked at 80°C under a lid for 20min to evaporate the solvent. The
PMMA serve as mechanical support for the graphene. With the help of a scalpel,
the foil can be removed from the wafer.

In order to enhance the copper etching, the graphene layer not in contact
with the PMMA is etched in oxygen plasma at 50W (figure 4.2c). The foil can be
now chopped in smaller pieces as large as the target chips size on which they
have to be transferred to (approximately 0.7mm x 0.7mm). The copper etching
is done at 60°C in 5% HCI with 10 drops of HyO, per 100ml of HCl. The small
foils are left floating in the solution with the copper facing the solution until the
copper is completely etched.

With the help of a glass slide the PMMA-graphene foils are moved to a
deionised water bath for rinsing. The technique used is called fishing and con-
sist in exploiting the liquid surface tension to stick the foil onto the glass slide
and prevent it from rolling on itself during transfer. In the meantime the target
chips are cleaned in acetone and IsoPropyl Alcohol (IPA). Then, the PMMA-
graphene foils are transferred onto the target chips using the fishing method as
shown in figure 4.2e. The chips are then baked at 60°C for 3 hours. Finally, the
PMMA is removed by submerging the chips in three acetone baths (the first one
overnight). They are finally rinsed with IPA and left to dry.

Mask design

The mask design is described with a bottom-up approach. First, the elemen-
tary mask building blocks are described and only then it is shown how they
are gathered into chips and wafers. All masks designs have been drawn using
a software known as L-Edit. Four lithography steps are needed in the process
flow, hence four layers will be designed: gate patterning, silicon dioxide pat-
terning, drain source patterning and graphene patterning.

The fundamental elements of the mask and therefore the first to be presented
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Figure 4.3 — Varieties of bolometer masks in the first fabrication run. (a) Zig-zag design
with gate tip as wide as the gap between the source and drain electrodes, named EGT
design. (b) Zig-zag design with gate tip slightly narrower than the gap between the
electrodes, named NGT design. (c) Single-beam design with gate tip overlapping with
the electrodes, named OGT design. Many similar designs of this type are present on
the chips with varying gap width L, (c) Zig-zag design with gate tip covering only half
of the gap between drain and source, named HGT design. Cross sections 1 and 2 were

used earlier to describe the process flow.

are the bolometers themselves. The maximal dimensions of suspended graphene
beams that can be achieved with the fabrication technique employed in this
project were unknown and therefore many different dimensions needed to be
explored. For this reason, all designs shown in figure 4.3 have different gaps
L between the drain and source electrodes allowing different graphene beam
lengths. The designs are named: (a) Equal Gate Tip (EGT), (b) Narrow Gate Tip
(NGT), (c) Overlapping Gate Tip (OGT) and (d) Half Gate Tip (HGT). The width
of the graphene beam is later tailored when the graphene mask is designed. The
zig-zag designs (a), (b) and (d) allow to test many graphene beams lengths, once
at a time, on a single device by simply changing the graphene mask. This is a
great advantage because once the graphene dimensions are optimised, the to-
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tality of devices can be used. However, design (c) has an additional parasitic
capacitance between the drain-source electrodes and the gate tip. The latter
would be much larger for an equivalent zig-zag design, consequently it is a bet-
ter choice to adopt a single beam design and repeat it on the chips for different
values of Lg. All bolometers types can be found in Appendix B. The gate tip
metal thickness is the cause of a bump between the source and drain electrodes.
The position of this bump could affect the graphene transfer and release proce-
dure and therefore the three designs (a), (b) and (c) were made (the bump can
be seen in figure 4.24). Each one of these designs has the bump in a different
position as a consequence of the gate tip position with respect to the drain and
source electrodes. The HGT device will be gathered on the wafer with the test
structures that will be described later. When the bolometer is used as a res-
onator, the HGT design should make it easier to excite the graphene beams in
their even modes. At this point, it should be reminded that each of the colour in
these figures represent a mask for a photolithography step. The CD of all layers
combined measures 2um and the fabrication require a total of four lithography
steps (the graphene lithography mask is omitted from figure 4.3 and discussed
later).

Another useful feature on the mask are the test structures. These structures
not only allow to measure some of the electrical properties of graphene, but
they also allow to estimate the graphene quality and to some extent the quality
of the graphene transfer procedure. In fact, many of these electrical properties
vary in function of the ripples on the graphene sheet, the number of defects in
the graphene, the cleanliness of graphene and much more. Hence, by compar-
ing these properties with the intrinsic theoretical values of pure graphene we
can establish the quality of this 2D-material. Nevertheless, the primary usage
of the test structures is to measure the contact resistivity p. between gold and
graphene and the sheet resistivity ps of graphene. The graphene must be sus-
pended in order to prevent these electrical properties from being affected by
the insulating substrate on which it lie. Figure 4.4 doesn’t exhaustively show
all test structures designed, but only the principal ones. On the chips there
will be some variations in shapes and dimensions, but not in physical work-
ing principle. The sheet resistivity can be estimated by using the van der Pauw
method and the structures (a) and (b) [41—43]. The contact resistivity can be es-
timated with the Cross Bridge Kelvin Resistor (CBKR) structure (d) following
reference [44]. These two measurements can be combined by using the Trans-
mission Line Measurement (TLM) structure (c) [42,45,46].



Figure 4.4 — Test structures for graphene characterisation. (a, b) Van der Pauw cloverfild
and Greek cross structure for measuring the sheet resistivity and the Hall coefficient.
(c) TLM for measuring sheet resistivity and contact resistivity. (d) CBKR for measuring

contact resistivity.

Some miscellaneous structures will be now discussed. Figure 4.5a shows the
alignment marks for lithography steps on wafers and chips and alignment marks
for dicing of wafers into chips. These marks may strongly vary depending on
the tools used and if automatic alignment is available on the image process-
ing techniques employed by the tools softwares for automatically finding the
crosses centres. The exposure grid shown in figure 4.5b was used to perform
exposure tests on dummy wafers allowing to determine the optimal lithogra-
phy parameters and it had equally been placed on the processed wafers and
chips to verify the quality of the lithographies.

Figure 4.6 shows how all the features presented so far are organised into chips
and into the final wafer design. There are four types of 10mm square chips. The
first three contains each only one of the designs shown in figure 4.3a,b,c, while
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Figure 4.5 — (a) Starting from the left: alignment cross for the lithography steps on the
wafer, alignment cross for the alignment of lithography steps on the chips and dicing
cross for saw alignment. (b) Exposure grid for exposure tests and for verifying the
quality of lithographies on the processed wafers and chips [47].

the fourth contains the test structures of figure 4.4 and the HGT bolometer of
figure 4.3d. The detailed distribution of the bolometers and test structures on
the chips can be found in Appendix B. When placing the bolometers designs
types on the mask it should be kept in mind that the graphene transfer is better
at the centre of the chip. Each chip contains 96 bolometers and each bolometer
is labeled by a row (R) and column (C) number, this makes is easier to identify
them when observed under the microscope. Additionally, each chip has a label
indicating the wafer number and a chip number. Each wafer contains 62 chips.
Letters in the chip labels are ~500um tall allowing reading with the naked eye.
This is comfortable when handling the chips after dicing. Thus, each bolome-
ter is uniquely identified by a set of numbers: wafer number, chip number and
column and row numbers. This numbering method is very useful because, for
instance, some of the processes are not uniform across the wafer surface and
therefore knowing the region where the bolometer comes from could give some
insight on its properties. Both the wafer and the chips are equipped with the
necessary exposure grids, alignment marks and dicing crosses. The chips are
not randomly organised on the wafer. As it was mentioned earlier, the prop-
erties of the chips varies across the wafer surface and therefore it is preferred
to place an equal number of EGT, NGT and OGT chips at each fixed distance
from the wafer centre. Seven of the 62 chips on the wafer contains only test
structures, three are in the centre and four on the edge.

The last structure to be discussed concerning the design is the mask used for
graphene patterning. As already mentioned before, the suspension of graphene
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Figure 4.6 — (a) Simplified mask of the @100mm wafer. Each coloured square corre-
spond to a different chip type. (b) Chip containing the bolometers (EGT, NGT or OGT).
Each chip accomodate only one of the three types of bolometers. (c) Chip containing the
test structures. (d) Label enumerating the wafer number and the chip number. (e) La-
bel showing the column (C) number and row (R) number of the bolometer. The wafer
and chips additionally contains the following structures: exposure grid for lithogra-
phy steps verification, squares for metal and oxide thickness measurements, alignment
marks for lithography layers, dicing crosses and alignment crosses and exposure grid
for single chips.

Figure 4.7 — Graphene masks for a NGT design. (a) Chronologically first design tested
for the graphene beam. (b) Improved graphene beam design with better mechanical
support. In red the graphene mask, in blue the gate tip and in green the drain and
source electrodes.
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Figure 4.8 — Delamination of the chromium-gold layer on silicon dioxide during wet
etching with the commercial chromium etchant: ready-to-use CR7 (NHy),Ce(NO3) +
HCIO4 and gold etchant: commercial ready-to-use K1(25g/1)+1>(12g/1). (a) Only tiny
structures were delaminating. (b) A rim was also generated during etching.

beams through the fabrication techniques used in this project has still to be ex-
plored and therefore the optimal beam shape is still unknown. Many designs
will be tested to try having the best mechanical properties and preventing the
beams from collapsing. The designs shown in figure 4.7 are two examples of
such. The contact surface area between the gold pads and the graphene must
be large in order to minimise the contact resistance negative effects.

Issues encountered and solutions

Delamination of chromium-gold layer

The first problem encountered during the first fabrication run was the delam-
ination of chromium-gold tiny structures from the thermal oxide of the wafer.
This issue was first encountered after resist stripping after the first wet etch (3.x
in table A.1). The evaporated metal layer was 5/25 nm of Cr/Au. Figure 4.8
shows how the bolometers labels delaminated and flew all around the wafer.
To compensate for the missing labels, they were re-drawn in the source-drain
layer. The same delamination happened with some of the gate tips. Another
minor problem during this fabrication step is the rim that can be seen in Figure
4.8b. In order to avoid slowing the fabrication down, the same issues were re-
generated on a test wafer and possible solutions were explored on the test wafer
instead of the processed wafers.

The test wafer had a pre-patterned layer of 10/100 nm Cr/Au on 285nm of
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Figure 4.9 — Exposure non-uniformity across the wafer. The exposure grid showed a
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very good exposure in the centre of the wafer, while under-exposure stripes appeared
on the bottom edge of the wafer. These stripes result in gold stripes after wet etching.

thermal silicon dioxide. To prevent similar problems for the source-drain layer,
different etching of 10/100 nm Cr/Au were tested: (i) in the commercial ready-
to-use CR7 (NH4)2Ce(NO3) + HCIO4 as was done with the processed wafer, (ii)
in the ready-to-use solution: Cr selective over Cu KMnO, + NazPO, and (iii)
in oxygen peroxide (H2O;) at 50° [48]. The ready-to-use CR7 etchant showed
delamination of tiny structures but no rim, oxygen peroxide showed no etching
of chromium at all and the Cr selective over Cu etchant showed no delamination
and no rim whatsoever.

In conclusion the origin of the rim was not completely discovered, but the
delamination problem was solved (for a 10/100 nm Cr/Au thicknesses and not
5/25 nm) by employing a different chromium etchant. This alternative was
applied for the second wet etching (9.x in table A.1) and worked perfectly, no
rim was observed either. This suggests that the origin of the rim could be the
gold etchant (not used in this test) or the different Cr/Au thicknesses. This
problem will be revisited in the second fabrication run. Later Scanning Electron
Microscope (SEM) pictures seems to reveal that the rim was chromium over-
etching.

Uniformity of the exposure intensity

In this fabrication run all lithography steps were done with direct writing with
the same tool: the Heidelberg MLA150. This tool operates for h-lines photore-
sists only and the resolution is limited at around 1.2-2 ym, which is close to the
CD of the masks presented earlier. It was observed that this tool can be source
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Figure 4.10 — Delamination of silicon dioxide on gold. (a) 250nm of low quality sput-
tered oxide delaminating away from gold. (b) 250nm of high quality sputtered oxide
on gold. (c) New design minimising the contact area between high quality sputtered
oxide and gold.

of exposure intensity non-uniformities across the wafer. This could be a conse-
quence of the low quality of the vacuum clamping that doesn’t flatten the wafer
if slightly bent. Consequently, the distance between the writing head and the
wafer is not constant across the surface and non-uniformities in exposure can
arise. The result of this issue is shown in figure 4.9. The test exposure grid in
the center of the wafer revealed a good exposure, while on the bottom edge of
the wafer some stripes of resist appeared. This kind of resist strips are normally
sign of under-exposure. Thus, the exposure was not uniform.

A solution for this issue is to use a much more versatile tool for direct writing
named: Heidelberg VPG200. The latter has a much better vacuum clamping, it
works for i-line photoresists, it has three different writing heads (20mm, 5mm
and 2mm) reaching resolution well below 1ym even with the 5mm writinghead
and multiple wafers can be loaded. This tool will be used for the second fabri-
cation run with a 5mm writing head. The main drawbacks are: more difficult
to perform alignments, a longer exposure time if the 5mm writing head is used.
This machine was tested and never produced any stripe as the MLA150 did.
Additionally, the lithography quality is observed to be superior to the one ob-
tained at the MLA150.

Delamination of silicon dioxide

The low adherence of gold on silicon dioxide is a well known problem in lit-
erature and this is typically solved by introducing a adhesion layer of another
metal between the gold and the oxide (in this project chromium was used). In
the fabrication of bolometers, silicon dioxide is sputtered in argon atmosphere
(low quality SiO,) on gold and then patterned (figure 4.1d,e). The poor ad-
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Figure 4.11 — Variations of the etch rate of silicon dioxide across the wafer due to the

non-uniformity of the quality of silicon dioxide sputtered in argon atmosphere.

hesion between these two materials causes breakage and delamination of the
oxide portions lying on gold as shown in figure 4.10. This issue is more fre-
quent for thinner layers of silicon dioxide. The reason may be that in thicker
layers, the SiO; lying on thermal silicon dioxide next to the gate pad offers the
necessary mechanical support to the bands lying on gold to prevent them from
breaking and delaminating. Again the fabrication was continued on these prob-
lematic wafers and solutions were tested on test wafers.

Higher quality SiO, is much denser and could provide the necessary me-
chanical support even for thin layers. A test wafer with the gate mask patterned
on a 10/100 nm Cr/Au layer (instead of the usual 5/25 nm) was available and
was used for testing solutions. This time, 250nm of silicon dioxide was sput-
tered in argon and oxygen atmosphere (high quality SiO,) and then etched as it
was done for the processed wafers. As shown in figure 4.10b the delamination
disappeared. An even better design is shown in figure 4.10c. Given that the
contact surface between gold and SiO, is minimised, the risk of delamination is
reduced.

In the next fabrication run only high quality sputtered silicon dioxide will
be used and the design shown in figure 4.10c will be adopted.

Quality of silicon dioxide across the wafer

Another problem caused by silicon dioxide sputtered in argon atmosphere (low
quality SiO;) is the non-uniformity of its quality across the wafer. In fact quality
decreases from the centre to the edge of the wafer. The etch rate is consequently
affected. It is higher on the edges and lower in the centre. In order to avoid ex-
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Figure 4.12 — Issues with graphene transfer, patterning and release. (a) Many graphene
beams breaks at the edge of gold. (b) Photoresist residues are often found on graphene
and it is difficult to get rid of them. (c) The jagged edges of gold could be a major cause
of the graphene breakage at the gold edges. (d) Polymer residues and rolled-up chunk
of graphene are also found.

treme over etching on the contour of the wafer some of the devices in the centre
must be sacrificed because the silicon dioxide on gold pads is not completely
removed. Figure 4.11 clearly shows this non-uniformity.

This problem is also solved by the employment of high quality sputtered
oxide. The uniformity is much higher and it is possible to etch all the SiO, from
all devices in the centre of the wafer without having too much over etch on
the contour of the wafer. It should be noted that if the gate is connected to an
alternating source of current, the thin layer of silicon dioxide on the pad does
not cause huge problems because it merely acts as a capacitance in series.

Issues with graphene transfer, patterning and release

Four main issues were encountered during graphene transfer, patterning and
release. The first is the breakage of graphene at the gold edges as shown in
figure 4.12a. This problem is probably enhanced by the jagged edges of the



gold (figure 4.12c). This is likely a consequence of the wet etching. Another
problem is the difficulty of keeping the graphene clean. Residues of photoresist
on graphene (figure 4.12b) and polymers with portion of rolled-up graphene
(figure 4.12d) are often found.

Different solutions will be tested in the second fabrication run. For instance,
lift-off with LOR could be used to have gold pads with smoother edges and
therefore reduce the risk of breakage of graphene sheets. Different design of
graphene masks were already tested in the first fabrication run (figure 4.7).
Some design seemed to give more mechanical support to the graphene beam
at the gold edges. To increase the cleanliness of the graphene, a protective layer
or spin-on-glass silicon dioxide could be deposited onto the graphene before
spin-coating the PMMA. This solution was explored, the spin-on-glass silicon
dioxide was successfully etched by vapour HF when on a test wafer, but the
wet graphene transfer was not working anymore because the graphene cov-
ered with SiO, was sinking in the etchant bath. Another option to reduce the
polymer residues is to try different types of PMMA.

Generic improvements

Some additional improvements could be implemented. The first is related to the
alignment mechanism of the lithography steps. The alignment marks shown
in figure 4.5a were unnecessarily small and after exposure and development
the small features got deformed. Consequently, the automatic alignment of the
Heidelberg MLA150 was not working and thus all alignments were performed
manually. In the future mask designs the alighment crosses must be improved
to guarantee automatic alignment.

Moreover, as mentioned earlier, the etch rate of vapour HF is very difficult to
control. As a consequence, it was very difficult to release the graphene without
etching the thermal oxide on the wafer. A layer of AlO; could be deposited via
Atomic Layer Deposition (ALD) on the thermal oxide. Aluminium oxide is not
etched by vapour HF and it is an insulator. This layer would protect the thermal
oxide from being etched.

It was also noticed during characterisation that the probe needles are easily
aligned to the 250ym square pads. Thus, pads could be designed much smaller
to increase the level of integration of bolometers on chips. The down side of
having smaller pads is that the contact area between graphene and gold dimin-
ish and consequently the contact resistance increases.

Finally, the silicon oxide mask should be modified. Labels are patterned on
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4.14

Figure 4.13 - Bolometers before graphene transfer. On the left hand side a OGT bolome-
ter with a 300nm thick sacrificial layer of silicon dioxide, while on the right hand side a
NGT device with a 3.2um thick sacrificial layer of silicon dioxide.

the first gold layer and then covered with silicon dioxide. Consequently, they
become invisible in the SEM because of the insulating properties of the SiO,.
Some openings should be added in order to make the labels visible.

Results

In this section the results of the first fabrication run will be discussed and pre-
sented. The goal is to highlight the positive outcomes, while the issues and pos-
sible solutions for the next fabrication run were extensively discussed in Section
4.1.3.

Figure 4.13 shows two bolometers just before dicing the wafer. The one
on the left hand side is a OGT bolometer with a 300nm SiO; sacrificial layer,
while the one on the right hand side is a NGT bolometer with a 3.2um SiO,
sacrificial layer. Although the first fabrication run was done hardly with any
optimisation, the yield was higher than expected at this stage. However, no
quantitative statistics was done. The most delicate part of the fabrication sill
has to be done. Figure 4.14 shows two suspended graphene beams produced
successfully for a sacrificial layer of silicon dioxide of 3.2ym. The dimensions
of the graphene beams in this pictures are approximately: length = 15ym and
width = 8um for the one on the left hand side, while length = 20pum and width
= 10um for the one on the right hand side. The yield at this stage was quite low,
but it was observed that the structure on the right hand side survived more
often than the other ones. This is probably due to a better mechanical support
given by the graphene wings being outside the gold pad. Unfortunately, the
low yield made impossible to make any statistics to extrapolate the optimal



4.1.5

4.2

S

4 . - i N
-
2pm EHT = 3.00kV  Signal A=InLens Date :9 May 2016
Meag= 203 KX—] EPFL-CMI
WD=85mm StageatT= 68.1°

Figure 4.14 — SEM pictures of graphene beams obtained in the first fabrication run.
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The graphene masks designs and colours correspond to those previously shown for
the masks designs. In this chip the gap between the graphene beam and the gate tip
measures approximately 3.2uym. The graphene mask used for the fabrication of this
chip was designed just to test the graphene release for different beam dimensions. This

is the reason why, more than one beam connects the source to the drain.

graphene beam dimensions (from the fabrication point of view). It was still
positively surprising to obtain such structures within the first fabrication run
with practically any optimisation process.

Summary and conclusion

In summary the first fabrication run was very profitable. First, as expected, it
gave a strong feedback and a number of solid improvements to be implemented
in future fabrication runs. Second, it made possible to test the unconventional
processes involving graphene. Last but not least, it was actually possible to
obtain some very good structures such as those shown in figure 4.14. Some
characterisation measurements are already possible on these devices.

Obviously the yield and quality of the devices still need improvement, but
the results of this rather rushed first fabrication run were extremely positive and
useful for the future. The outcome was actually better than expected.

Second fabrication run

The goal of the second fabrication run is to improve the fabrication of bolome-
ters previously presented. This will be achieved primarily by following the
feedback obtained during the first fabrication run. The target is to improve



36

4.2.1

both the yield and the quality. The major change is the use of lift-off instead of
wet etching. There are many similarities with the first run and therefore only
changes will be discussed. All subjects not treated can be considered similar
or equal to those presented in Section 4.1. For instance, the test structures are
unchanged and therefore they will not be presented.

The second fabrication run was only performed up to the dicing step before
writing this thesis. Hence, graphene transfer, patterning and release will be
performed only at a later time and will not be part of this report.

Detailed runsheets and recipies can be found in Appendix A and devices
distribution on wafers and chips are shown in Appendix B.

Process flow

In this section the process flow of the second fabrication run will be discussed
in detail. The problems and issues encountered will be discussed in Section
4.2.3. The entire runsheet with all recipes used at the CMi facility at EPFL can
be found in Appendix A. The process flow contains four lithography processes
and lift-off is used instead of wet etching.

The process flow of this run is illustrated in figure 4.15. The starting point is a
0100mm SSP test p-type (0.1-100Q2cm) wafer with 285nm of wet thermal silicon
dioxide (SiO;) on both sides.

The first step was to pattern the gate electrodes on the wafers. Differently
from what was done in the first run, now this is achieved with lift-off. If the
directionality of the evaporation is not perfectly vertical, the deposition of gold
on the side walls of the resist can generate fences on the gold structures. For this
reason the lithography was done with a double layer: LOR plus resist. The LOR
doesn’t need to be exposed to be developed and it dissolves isotropically and
faster than the resist lying on top of it. As a result, the LOR supports are nar-
rower than the resist as shown in figure 4.15b and the risk of fences is reduced.
The down side of lift-off is that patterns tends to be broadened compared to
the mask design. It should additionally be kept in mind that the risk of hav-
ing fences increases with the thickness of deposited metal because thin fences
often breaks during lift-off. The CD of this lithography step is 1ym. The metal
evaporation is done with 5/25 nm of Cr/Au and at the largest distance possible
to increase directionality. The distance between the metal source and the target
was 45cm in this case.

The sputtering and patterning of the silicon dioxide is performed as in Sec-
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Figure 4.15 — Second fabrication run process flow. All figures are split into two in or-
der to avoid redundant information due to the symmetry of the devices. In fact, the
dashed red line can be seen as an axis of symmetry. On the left-hand side the schematic
representation of the cross section 1 shown in figure 4.16, while the cross section 2 is
represented on the right hand side. (a) The starting point is a silicon wafer with wet
thermal silicon dioxide on both sides. (b and c) Lift-off is used to pattern the gate layer.
This step includes a lithography step and a Chromium/Gold evaporation. (d) A layer
of silicon dioxide is sputtered on the wafer. (e and f) Lift-off is used to pattern the source
and drain layer as well. This step includes a lithography step and a Chromium/Gold
evaporation. This drawing represent a NGT design. At this stage the wafer are ready to
be diced into single 10mm square chips. (h) Graphene transfer. (i) The graphene is pat-
terned through a lithography step and oxygen plasma etching. (j) Vapour HF etching
of the silicon dioxide and graphene release.
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Figure 4.16 — Bolometer mask design in the second fabrication run. This design is gen-
erated by instancing a T-Cell. A T-Cell is a parametric C coded design. When the pa-
rameters: type, Wr., ht. and ot are given to this particular type of cell, this design is
automatically generated.

tion 4.1.1. The only difference is that 250nm or 2.5um of silicon dioxide are now
sputtered in argon and oxygen (O,) atmosphere (high quality SiO;). The etch
time need to be increased as a consequence of the denser silicon dioxide.

The source and drain layer is patterned similarly to the gate layer, using lift-
off. A thin film of 10/100 nm of Cr/Au is evaporated on the wafer at a distance
of 45cm. This metal thickness is compatible with wire bonding. After lifting-off
the wafers are ready to be diced into 10mm square chips as was done in the first
fabrication run.

The fabrication was stopped just before dicing and will be pursued after
completion of this thesis. For this reason the table in Appendix A is incomplete
in the sense that the process stops after the second lift-off step. The graphene
transfer will be performed following the wet transfer procedure shown in figure
4.2 and the graphene patterning and releasing similarly to what was done in the
first fabrication run.

Mask design

The strategy used to draw the mask for this fabrication run is slightly different
compared to the previous one. Designs are still done using the L-Edit software.

L-Edit offers a very versatile way to draw masks, namely through T-Cells.
T-Cells are basically parametric drawings coded in C language. The detail of the
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Figure 4.17 — Improved version of the exposure grid previously presented. this design
is used for exposure tests and a portion of it is also placed all around the wafers and
chips designs to help quantify the quality of the lithography steps.

C code is presented in Appendix C. Every time that a bolometer has to be de-
signed in a mask it is done through the T-Cell and therefore through the C code.
When the T-Cell is instanced, the program asks you four parameters: type, wr.,
ht.c and or.. and automatically draws the bolometer shown in figure 4.16. The
type parameter is an integer that can have three different values: 1 = OGT de-
sign, 2 = NGT design and 3 = EGT design (here the parameter or.. is not taken
into account). Actually, the type variable is not strictly necessary for the moment
because the full range of o1 values could in principle generate all device types,
but it may be useful for later modifications. There are two great advantages in
using this method. The first one is that the different design are all automatically
generating (time saving). And the second one is that all bolometers on the wafer
are instanced through the same T-Cell, hence if the design must be changed it
suffices to change the code and all bolometers on the wafer mask will change
accordingly (versatility). A clear example of such changes are the modifications
of the graphene mask to test different graphene beams structures. Devices are
now smaller in response to the comments made in Section 4.1.3. The pads mea-
sure 100pm and one 10mm square chip can now accommodate 616 bolometers.
The distribution of bolometers on chips is presented in Appendix B.

Exposure grid and alignment marks were also improved. The new exposure
grid shown in figure 4.17 has different designs with their negative equivalent.
Having them one next to the other, makes it much easier to determine the level
of over(under)-exposure of the wafer. It should be noticed that some tools don’t
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Figure 4.18 — Improved alignment marks for wafer (above) and chips alignment (be-
low). Having the negative image of each design should lower the risk of having de-

formed alignment crosses.

have an equivalent resolution horizontally and vertically.

The alignment marks also have their negative just next to them (figure 4.18).
This should reduce the risk of having deformed crosses (if one is deformed the
other shouldn’t). Now both the chips and the wafers designs have four align-
ment marks (four pairs) instead of only two as was done in the first run. This
should further improve the alignment.

Issues encountered and solutions

In opposition to what was done in the first fabrication run, the majority of the
issues discussed hereafter were already optimised within this fabrication run.
The majority of the following issues were known and therefore solutions were
pursued prior to the beginning of the second fabrication run.

Wet etching of chromium-gold layer revisited

During the second fabrication run, before switching to lift-off, some additional
tests regarding the wet etching of the 5/25 nm of Cr/Au layer were performed.
This issue was already partially discussed in Section 4.1.3-"Delamination of
chromium-gold layer", but the solution found was not tested on such thin lay-
ers yet. All etching discussed hereafter were performed accordingly to the op-
timised procedure found in that section, but with two different types of resist.
First with 1um of resist type: ECI3007. When etched in the chromium etchant,
pieces of resist were observed floating in the beaker. The final result is shown in



Figure 4.19 — Both figures show the status of some exposure grids just after wet etching
of 5/25 nm of Cr/Au with still resist on them. (a) Resist type: ECI3007 with thickness:
1pum. (b) Resist type: AZ92xx with thickness: 2um.

figure 4.19a. The second test was done with 2um of resist type: AZ92xx (used
in the first run). This did not work well either and a large over-etching of gold
was observed (figure 4.19b).

In conclusion, the thin Cr/Au layer seems to be source of many problems
when wet etching is performed. This kind of issues can significantly decrease
the repeatability of the fabrication. Adding this to the previously discussed
down sides of wet etching for this process, it further suggests that another pro-
cedure needs to be found.

Fences generated by lift-off

As it was already claimed earlier, it is critical that the drain and source gold
pads have smooth edges. This is necessary in order to prevent the graphene
from breaking when it is transferred and released. As can be seen in the pictures
on the left hand side of figure figure 4.20 the lift-off was initially problematic.
Fences were generated by this processes for all gold thicknesses. They were
less present for the 5/25 nm metallic thin film because they probably broke
away during lift-off. In fact, fences are only present at the pads corners where
the fence has more mechanical support. This results are unacceptable for this
application.

The origin of the fences is the residual deposition of gold and chromium on
the LOR due to the imperfect directionality of the evaporation. The develop-
ment of the double layer resist plus LOR was done with a pre-made recipe in
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Figure 4.20 — The figures on the left hand side shows fences on gold pads due to residual
deposition on the LOR in the lift-off steps. The problem is solved by developing twice
(right hand side). In fact, this procedure further dissolves the LOR decreasing this
risk of having fences. In fact, the pictures on the right hand side do not have fences
whatsoever.
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Figure 4.21 — Wiggly lines in lithography with the Heidelberg VPG200 tool. These kind
of defects were rare and harmless for the fabrication process.

the ACS200 tool as can be seen in step 1.3 in table A.2. Developing the wafer
twice prevalently affects the LOR because in opposition to the resist, it doesn’t
need to be exposed to be dissolved. By further shrinking the LOR features with
a second development, fences completely disappeared for all thin film thick-
nesses as shown on the right hand side of figure 4.20.

This solution was successfully implemented in the second fabrication run
(step 1.4 in table A.2). The reader should be aware that double developing the
wafer could dissolve the totality of the LOR lying under the resist causing thin
features to peel off. It was not the case for the designs used in this process
flow, but this effect was observed in the exposure grid. In other words, this
solution could provoke a loss of lithographic resolution and broadening of some
features. Masks can be adapted accordingly.

Lithography quality on the wafer edges

Another minor harmless issue is related to the exposure using the Heidelberg
VPG200 tool. Although the lithographies were of much higher quality and
better alignment precision compared to those performed with the Heidelberg
MLA150 tool, some imperfections were still observed. Namely, at the edges of
the wafer few features resulted in wiggly lines as shown in figure 4.21. This
was absolutely not a problem for this fabrication run, but the reader should be
aware that this kind of seldom distortions may happen, specially on the wafer
edges. No solutions were pursued to solve this problem.

Results

In this section the results of the second fabrication run are presented and dis-
cussed. Figure 4.22 shows an optical microscope image of two bolometer types,
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Figure 4.22 — Optical microscope image of the second run bolometers. On the left hand
side the OGT design, while on the right hand side the NGT. The labels on the left of
the gate pad define the location of the bolometer on the chip, while those on the right
define the bolometer type.

namely the OGT on the left hand side and the NGT on the right hand side. Both
bolometers have a sacrificial layer of approximately 250nm of SiO,. All bolome-
ters types were successfully fabricated and the high uniformity of SiO, across
the wafer surface allowed to obtain a very high yield up to this point. Devices
coming from all wafer regions (centre or edge) seem to have very similar geom-
etry and properties. The only glitch observed at this point is the broadening of
the gold features due to the double development and the natural consequence
lift-off. This issue can easily be fixed by adapting the mask design.

Additional images taken with the SEM are shown in figure 4.23. The silicon
dioxide mask for wet etching was designed to etch the bolometer column and
row numbers, while the bolometer type label is covered by SiO,. That is the
reason why the former are the only visible in the SEM pictures.

Last, but not least, figure 4.24 shows the detail of the the drain-source elec-
trodes where the graphene beam is supposed to be suspended. The gold pads
obtained with lift-off are extremely smooth at the edges. It can be seen that the
bump generated by the gate tip thickness is in different positions depending to
the design type (NGT on the left, while OGT on the right). This bump could af-
fect the graphene transferring and release. Consequently both designs need to
be explored to determine which one is more convenient. Clearly, an additional
parasitic capacitance is present for the OGT design.
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Figure 4.23 — SEM image of the second run bolometers. On the left hand side the whole
bolometer, while on the left hand side the row and column numbering. Gold features
covered by sputtered silicon dioxide are almost invisible.

Summary and conclusion

In summary the second fabrication run, which was completed up to the dicing
step, was extraordinarily positive. The gold pads have good smoothness at the
edges. The graphene transfer will be positively affected by this fact. As previ-
ously mentioned, hardly any non-uniformities across the wafer were observed
(specially for thin sacrificial layers of SiO,). Hence, the chips on the wafer edges
are expected to have the same geometry and properties as those in the centre.
This is already reflected in an higher yield. There are no regions on the wafer
that looks better or different than others.

In conclusion, the outcome of the second run was promising and will hardly
need further optimisations. The goals of the second fabrication run, to increase
the yield and quality of devices, were succesfully fulfilled up to this fabrication
point.

Comparison

From the discussions presented in Sections 4.1.4 and 4.2.4 it is already clear that
the second fabrication run outcome showed a huge improvement. Among the
improvements made, the most important are: higher yield, better uniformity
of properties among chips coming from different wafer regions and smoother
gold pads. All issues discussed in the first fabrication run up to the dicing step
seem to be solved by the processes followed in the second run.
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Figure 4.24 — SEM image of the meeting point of the source and drain electrodes. the
suspended graphene beam is supposed to be suspended between this pads as was seen
previously. On the right hand side the NGT design, while the OGT design on the right.
They both have a 250nm sacrificial layer of SiO,. The bump generated by the gate tip
thickness is clearly seen in both images.

Despite that, the advantages of the second fabrication run are not only seen
through the results. In fact avoiding wet etching makes the fabrication less
painful and increases the repeatability of the process. In fact, inconsistent prob-
lems as those discussed in Section 4.2.3-"Wet etching of chromium-gold layer
revisited" are completely avoided. There are almost no critical steps in the sec-
ond run process flow and therefore it can be consistently repeated.



5 | Characterisation

5.1

n this chapter the firsts steps toward the electrical characterisation of graphene
beams are discussed. Hereafter, graphene beams on silicon dioxide before
release will be considered. The electrical properties of graphene are probably
modified by the insulating silicon dioxide substrate and are probably differ-
ent to those of suspended graphene beams. In fact, it is claimed that the high
graphene conductivity is a consequence of quantum confinement. Electron scat-
tering is limited into one plane and therefore less scattering channels are avail-
able resulting in longer free paths and higher conductivity. Intuitively, hav-
ing a substrate may slightly mitigate the two-dimensional constraint affecting
the electrical properties. The measurements done in what follows are made on
chips fabricated following the process flow of the first fabrication run.

Graphene beams on silicon dioxide

In this section electrical measurements on graphene beams lying on silicon diox-
ide are studied. Two electrical characteristics of graphene are particularly im-
portant in what follows: sheet resistivity ps and contact resistivity p. of graphene
on gold. The test structures shown in figure 4.4 allow experimental measure-
ments of these properties. Unfortunately, this was not done before writing this
thesis due to time constraints. These measurements will be for sure explored in
the future.

The contact resistivity between semiconductors and metals is crucial for
electronic devices. Similarly the metal-graphene contact resistivity in graphene-
based electronics critically affects its performance. Realising low contact resis-
tance between graphene and metals is an ongoing challenge and the reported
values range from hundreds to thousands of Qum? [49]. There are models
claiming that the contact resistivity is not ohmic and depends on the voltage
applied across the junction [50]. Apparently, graphene-metal contacts shows
unique characteristics, very different from those exhibited in semiconductors-
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Figure 5.1 — I-V curve and gate effect on a graphene beam. Isp is the current flowing
between the source and drain, Vgp the source-drain applied voltage and Vi the gate
voltage. The graphene beam was lying on a 300nm sacrificial layer of silicon dioxide
and was 2um long and 1uym wide. The metal-graphene contact surface was approxi-
mately 20-10%um? per electrode. The right curves on the left hand side graph are drawn
for Vsp ranging from 5V for dark blue to 20V for light blue with incrementing steps of
5V. While the red curves are drawn for Vsp ranging from -20V for dark red to -5V for
light red with incrementing steps of 5V.

metals junctions [51].

Similarly, the graphene sheet resistivity is not quantitatively well defined.
The values found in literature for CVD-graphene range from ~300)/[J to more
than ~2k()/[1[40,49,52-54], with ~30C)/U being the intrinsic theoretical sheet
resistivity [11,55].

The first set of measurements were performed on a set of OGT devices hav-
ing 300nm of sacrificial layer of silicon dioxide. Many average beam resis-
tances were measured on different devices and the values were observed to
range between some tenths of k() to tenths of M(Q). This variability could be
caused by many factors, for instance: broken graphene on the gold pads reduc-
ing the graphene-gold contact area, cleanliness of the graphene, ripples on the
graphene,... An example of I-V curve and gate effect measurements are shown
in figure 5.1. This first experiment was performed over an unusually wide Vsp
range. In fact, the devices with low beam resistance broke down. A non lin-
earity in the I-V curve and an asymmetry in the gate effect around zero are
observed. The former may be caused by the graphene-metal contact resistance
dependence on the applied voltage as suggested by the model developed in ref-



Figure 5.2 — Bolometer lying in the probe station after annealing. The gold on the
source-drain pads was affected by the high temperature everywhere except for the re-
gions where itis covered by graphene. Itis now easy to notice that the contact resistance
may be increased by the reduced graphene-gold contact surface on the right hand side
gold pad.

erence [50]. While, the latter could be the consequence of graphene doping. A
second asymmetry come to light looking at these figures, the curves for posi-
tive source-drain (bluish) voltages are not overlapping with those for negative
voltages (reddish). Two possible origins of this effect are the necessity of apply-
ing all voltages for a certain time before measuring due to probable capacitive
couplings and the heating of the device.

It is known that the contact resistance between a semiconductor and a metal
can be improved by annealing. The same can be done for the graphene-metal
interfaces and it can additionally reduce resist residues and dirt on graphene
[30, 56, 57]. Hence, a group of devices were measured and later annealed at
400°C for 8 hours with a flow of H, (10 sccm) and Ar (100 sccm). The pressure in
the furnace was 0.6 mbar. Figure 5.2 shows the bolometer after annealing while
probing. The gold on the source-drain pads was visibly affected in all regions
where the graphene was not present. The explanation of this appearance change
may lie in the gold diffusion into the silicon oxide.

Measurements of graphene beams before and after annealing are shown in
figure 5.3. Many similar measurements were made on a number of bolometers
and all showed a decrease in average beam resistance after annealing, which can
be seen as an increased slope in the I-V curve. By "beam average resistance", it
is here meant graphene beam plus graphene-gold contact resistances. As ex-
pected gate effects are mitigated by thicker layers of silicon dioxide. In fact,
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Figure 5.3 — Electrical response of a graphene beam before and after annealing. The
plots on the top are made from measurements on the same bolometer with a 300nm sil-
icon dioxide sacrificial layer, while the two at the bottom for a bolometer with a 3.2um
sacrificial layer. The graphs on the right hand side have been normalised in order to
quantify the gate effects on the source-drain current. The maximal source-drain cur-
rent (normalisation factor maxy, (Isp)) are the following, for 300nm of SiO, sacrificial
layer: 1.4 - 107%A before annealing and 5.8 - 107°A after annealing, while for 3.2um of
SiO; sacrificial layer: 1.4 - 10 A before annealing and 5.9 - 10*A after annealing. The
graphene beam details are: 20ym long and 10ym wide with metal-graphene contact
surface of approximately 20-10°um? per electrode for the panels on top, while 20um
long and 15um wide with metal-graphene contact surface of approximately 25-10%ym?
per electrode for those on bottom. The given contact surfaces do not take into account

defects or missing portions of graphene.



before annealing, a ~38% change in Isp could be achieved by applying gate
voltages in the range of 20V for 300nm of SiO,, while only ~18% for 3.2um
of 5iO;. The annealing process clearly affected the effects of the gate on the
graphene beam as well. At this stage it is difficult to give an interpretation on
this measurements and isolate the causes of these changes. Further studies and
larger amount of data are needed. Additionally, it is probably worth waiting for
the second fabrication run bolometers to be ready before further exploring the
electrical properties and draw any conclusion.
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6 | Conclusion

he aim of this thesis was to provide a method to model, fabricate and char-
T acterise 2D material-based bolometers and justify their technological im-
portance. To that end, a short review of the state of the art of bolometers was
presented. Comparative advantages of bolometers employing 2D-materials as
thermal sensors and IR absorbers were extrapolated from the mathematical ex-
pressions of bolometers figures of merit. A device design was then proposed
and fabricated using graphene as particular choice of 2D-material. The fabrica-
tion was then optimised and a second fabrication run was performed. Finally,
the gate effect and the I-V curve were measured on graphene beams lying on
silicon dioxide.

The discovery of 2D-materials could boost bolometric devices to a paradigm
shift. The developed mathematical model outline how the extraordinary tun-
able properties of 2D-materials can improve the state of the art. When sus-
pended beams of 2D-materials are used as thermal sensor and IR absorber, three
aspects can be improved. (i) Reduction of thermal losses to the surroundings,
thermal flow to the anchors is the main heat loss in the beam and it is reduced by
the nanometric thickness of the beam. (ii) Enhancement of the beam absorption,
this is achieved by the exploitation of the gate effect and impedance matching.
(iii) Reduction of the beam mass, reducing the heat capacity of the IR absorber
causes an increase in bandwidth. An innovative read-out method that exploits
variations in beam resonant frequency was also proposed. This method could
increase the dynamic range of the bolometer thanks to the high flexibility of
graphene. A classical resistive read-out is also possible with the same device.

Two fabrication run were performed to obtain 2D material-based bolometers
structures using graphene. Graphene suspended beam structures were success-
fully fabricated at a low yield within the first run and a strong feedback on
the fabrication processes was obtained. The origin of the main issues was the
usage of wet etching for gold patterning and the low quality of sputtered sili-
con dioxide in argon atmosphere. These issues were successfully solved using
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lift-off instead of wet etching and sputtering denser silicon dioxide thanks to
a argon and oxygen atmosphere. The yield and quality of the second genera-
tion devices obtained with the second fabrication run were extensively superior
compared to the previous ones. Graphene transfer and release was not tested
on the second generation due to time constraints, but the smoothness of gold
pads is promising for a better graphene transfer and release. The fabrication up
to graphene transfer does not need further optimisation unless characterisation
gives an opposite feedback. Improved methods to keep the graphene quality
and cleanliness at high levels during the fabrication processes still need to be
implemented. Transferring graphene after gold evaporation and graphene re-
lease using vapour HF were proven to be valid techniques.

Graphene beams lying on silicon dioxide were characterised through elec-
trical measurements in a probe station. The beams were obtained with the first
fabrication run and measured just before release. The I-V curve and gate effect
were measured before and after annealing. Non-linearities were found in the I-
V curve before annealing and the average beam resistance of different bolome-
ters varied between tenths of k() to tenths of M(). Non-linearities could be the
consequence of a non-ohmic contact resistance between gold and graphene as
suggested in some models in literature. Annealing resulted in a consistent de-
crease in beam resistance reaching values down to the order of ~10k(). Gate
effect in the =20V range before annealing could infer variations in the source-
drain current up to ~38% for thinner layers of silicon dioxides. The gate effect
was reduced after annealing. Some asymmetries and effects of annealing still
need interpretation and more data is needed to draw conclusions. The effec-
tiveness of the gate effect conceptually proves radiation absorption tunability
in graphene via impedance matchng.

The promising results obtained during this thesis open many possible path
for the future. One example could be the following. Graphene transfer, pat-
terning and release need to be tested for the second generation of bolometers.
An improvement of graphene beam quality and yield is expected. Characteri-
sation of suspended graphene beams will then be possible, probably resulting
in suggestions for design and fabrication optimisations. It will then be possible
to use suspended sheets of graphene to prove bolometric measurements with
resistive and resonant frequency read-out. The extent of tunability of absorp-
tion will then be tested. Finally, different 2D-materials will be tested to discover
their capabilities in bolometric measurements and the validity of the fabrication
process. Comparisons will be made through the presented figures of merit.



Appendices

55



56

A | Fabrication details

n this appendix are contained all details needed to reproduce the bolometers
described in Section 4.1 and Section 4.2 at the CMi facility at EPFL.

The runsheet of the first fabrication run is presented in table A.1, while the
second run can be found in table A.2. The procedure presented here reflects
the original processes and not necessarily the best practices. For instance, in
the first run, the first wet etching of chromium was done with the commercial
ready-to-use CR7 (NHy4),Ce(NO3) + HCIOy4 etchant (step 3.1B in table A.1), but
as explained in Section 4.1.3, it would be better to use another etchant as it was
done in step 9.1B in table A.1.

All the processes are assumed with an initial @100mm SSP test p-type (0.1-
100Q2cm) wafer with 285 nm of wet thermal silicon dioxide (SiO,) on both sides.

Regarding the runsheet, the recipes and settings are only approximate and adapted

for the very time when this thesis was written. Many tools undergo mainte-
nance and the optimal parameters for a fixed substrate may change quite a lot
in time. For this reason it is advised to anyone following this runsheet to:

* perform exposure tests on dummy wafers having the same substrates as
the wafers to be processed. This should be done for all lithography steps.
Both the Heidelberg MLA150 and VPG200 tool allow to expose matrices
of a single design die with varying defoc values on one axis and varying
intensities on the other. After developing a dummy wafer with such a ma-
trix exposed, it should be fairly easy to determine the optimal parameters
to be used. For the first fabrication run, exposure tests were done with the
design shown in figure 4.5, while in the second run the design in figure
4.17 was used. The optimal parameters can change from one week to an-
other depending on maintenance schedules. For the single chips (fourth
lithography) no exposure test was done. Different intensities and defoc
were tested on different chips.

¢ ideally measure all etch rates on dummy wafers. This is the case specially
for vapour HF, but also for wet etching. The etch rate could depend on


https://cmi.epfl.ch

many factors (humidity in the cleanroom, quality of substrate, cleanliness
of etchant,...) and therefore etching times can strongly vary from one day
to another. The time listed in the table where usually counted as follows:
start chronometer, dip wafers in solution and only when time is up, pull
the wafer out and move them to the rinse bath. For vapour HF etching
at the Idonus HF VPE-100, the following procedure was followed: place
holder with wafer as lid, start chronometer, open chamber valve and pull
rod to poor HF in chamber, when time is up pull rod to extract HF from
chamber, wait 10s more, pull holder with wafer away, close chamber with
lid and when no more HF is in the chamber, close chamber valve.

¢ check the deposition rate of sputtered silicon dioxide at the SPIDER600.
The deposition rate provided by the CMi stuff are only indicative values
and if a precise thickness is needed a deposition on a dummy wafer to
determine the rate is mandatory. In the first fabrication run, the deposition
rates provided by the CMi stuff were followed without verification. As a
result, the thicknesses obtained were 300nm instead of 250nm and 3.2ym
instead of 2.5um. The user should keep in mind to take into account the
rump up time when computing times. No dummy wafer tests are needed
in the evaporator Alliance-Concept EVA 760, because it uses a feedback
thickness measurement while evaporating.

¢ check that the recipe names have not changed.

Some metrological steps were added to the process flow as guideline, but
the reader should take time to inspect the wafer or chip any time he thinks he
could obtain useful information. It is best to examine the wafers before and af-
ter every step (and if possible take pictures of what you see). This extremely
help ease troubleshooting when something goes wrong. It is additionally ad-
vised to place the flat side of the wafers in the same known position for every
step and in every tool. It will then be easier to understand, for instance, the ori-
gin of non-uniformities on the wafers surfaces. In case the reader wants to use
dry etching instead of wet etching, all oxygen plasma resist stripping should be
done before wet stripping in order to soften the resist surface burnt by dry etch-
ing. Additionally, wafers spin rinses should be performed after descumimng,
because contamination was sometimes observed after the Tepla GIGAbatch. All
the optimisations described in Section 4.1.3 are not implemented in the runsheet
of table A.1 but only in the one of table A.2.
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FIRST FABRICATION RUN

STEP DESCRIPTION TooL RECIPE, PARAMETERS AND NOTES

0.x Wafer preparation

0.1 Check SiO, thickness Nanospec AFT-6100 Note: measure wet thermal silicon dioxide

1.x Metal evaporation

1.1 Cr/Au evaporation Alliance-Concept EVA 760  Recipe: 250_Cr-Au_160-160. Parameters: 0.05kA of Cr and 0.25kA of
Au. Note: Working distance 250mm

2.x Photolithography (1)

2.1 Spin rinser dryer Semitool Program 1. Rinse wafer and dry.

22 Coating ACS200 Recipe: 145_AZ9260_2um_HMDS. Preparation: Bake, HexaMethylDiS-
ilazane (HMDS) and post bake. Edge Bead Removal (EBR) not needed.
Note: resist type AZ92xx, thickness 2um

2.3 Exposure Heidelberg MLA150 Intensity: 175m]J/cm? and Defoc: 1

24 Develop Rite Track 88 Recipe: AZ9269_2um. Procedure: develop and post bake. Note: run a
dummy wafer before developing

2.5 Inspection Optical microscope -

2.6 Spin rinser dryer Semitool Program 1. Rinse wafer and dry

3.x Wet Etching

3.xA Wet Etching of Au

3.1A Descum Tepla GIGAbatch Recipe: Strip_High_30s. Note: Descum just before wet etching, because
the oxygen plasma increase the hydrophilicity of the wafer

3.2A Wet etching of Au Arias Acid Solution: commercial ready-to-use K1(25g/1)+I>(12g/1). Time: 1min10s

3.3A Beaker rinse 1 Arias Acid Time: 3min



3.4A
3.5A
3.6A
3.xB
3.1B

3.2B
3.3B
3.4B
3.5B

4.x
41
4.2
4.2
4.3

44
4.5

4.6
4.7
5.x
5.1

Beaker rinse 2
Water gun
Inspection

Wet Etching of Cr
Wet etching of Cr

Beaker rinse 1
Beaker rinse 2
Water gun

Inspection

RF Sputtering
Resist stripping
Descum

Inspection

Metal thickness meas.

Spin rinser dryer

SiO; sputtering

Inspection

SiO, thickness meas.

Photolithography (2"9)

Spin rinser dryer

Arias Acid
Arias Acid

Optical microscope

Arias Acid

Arias Acid
Arias Acid
Arias Acid

Optical microscope

UFT resist

Tepla GIGAbatch
Optical microscope
Bruker Dektak XT

Semitool
SPIDER600

Optical microscope
Nanospec AFT-6100

Semitool

Time: 3min
Note: quick rinse of wafer out of holder

Solution: commercial ready-to-use CR7 (NHy4),Ce(NO3) + HCIO4. Time:
1min

Time: 3min

Time: 3min

Note: quick rinse of wafer out of holder

Note: important to verify that the are no more residues of Cr on the
wafer. The resistance of the wafer could be probed as a further test

Note: follow the CMi procedure, heating at 70°C

Recipe: Strip_High_30s. Note: Cr is masked by Au

Note: measure thickness on the square pads structures to prevent the
bolometers from being damaged

Program 1. Rinse wafer and dry

Note: deposition of low quality SiO, (not the high quality SiO,_F).
Times: 40min40s for approx. 3.2um and 4min17s for approx 300nm

Note: sometimes it is advised to change the microscope magnification

Program 1. Rinse wafer and dry
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5.2

53

54

5.5
5.6
6.x
6.1

6.2

6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10

7.X

Coating

Exposure

Develop

Inspection
Spin rinser dryer
Wet Etching of SiO,

Descum

Wet etching of SiO,

Fast fill rinse
Tricke tank 2
Spin rinser dryer
Inspection
Resist stripping
Descum

Inspection

Oxide thickness meas.

Metal evaporation

ACS200

Heidelberg MLA150

Rite Track 88

Optical microscope

Semitool

Tepla GIGAbatch

Plade Oxide

Plade Oxide

Plade Oxide
Semitool

Optical microscope
UFT resist

Tepla GIGAbatch
Optical microscope
Bruker Dektak XT

[=2]
o

Recipe: 145_AZ9260_2um_HMDS. Preparation: Bake, HMDS and Eost
bake. EBR not needed. Note: resist type AZ92xx, thickness 2ym
Intensity: 165m]J/cm? and Defoc: 1. Alignment marks: (-35000,0) and
(35000,0)

Recipe: AZ9269_2um. Procedure: develop and post bake. Note: run a
dummy wafer before developing

Program 1. Rinse wafer and dry

Recipe: Strip_High_30s. Note: Descum just before wet etching, because
the oxygen plasma increase the hydrophilicity of the wafer

Solution: BHF (7:1). Time: 45s for 300nm of SiO; and 3min35s for 3ym
of SiO,

Program 1. Rinse wafer and dry
Note: follow the CMi procedure, heating at 70°C
Recipe: Strip_High_30s. Note: Cr is masked by Au

Note: measure thickness on the square pads structures to prevent the
bolometers from being damaged
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7.0

8.x
8.1
8.2

8.3

8.4

8.5
8.6
9.x
9.xA
9.1A

9.2A
9.3A
9.4A
9.5A
9.6A
9.7A
9.xB

Cr/Au evaporation

Photolithography (3™)
Spin rinser dryer

Coating
Exposure
Develop

Inspection

Spin rinser dryer
Wet Etching

Wet Etching of Au

Descum

Wet etching of Au
Beaker rinse 1
Beaker rinse 2
Beaker rinse 3
Water gun
Inspection

Wet Etching of Cr

Alliance-Concept EVA 760

Semitool
ACS200

Heidelberg MLA150

Rite Track 88

Optical microscope

Semitool

Tepla GIGAbatch

Arias Acid
Arias Acid
Arias Acid
Arias Acid
Arias Acid

Optical microscope

Recipe: 250_Cr-Au_160-160. Parameters: 0.1kA of Cr and 1kA of Au.
Note: Working distance 250mm

Program 1. Rinse wafer and dry.

Recipe: 145_AZ9260_2um_HMDS. Preparation: Bake, HMDS and post
bake. EBR not needed. Note: resist type AZ92xx, thickness 2ym
Intensity: 160mJ/cm? and Defoc: 1. Alignment marks: (-35000,0) and
(35000,0)

Recipe: AZ9269_2um. Procedure: develop and post bake. Note: run a
dummy wafer before developing

Program 1. Rinse wafer and dry

Recipe: Strip_High_30s. Note: Descum just before wet etching, because
the oxygen plasma increase the hydrophilicity of the wafer

Solution: commercial ready-to-use K1(25g/1)+1>(12g/1). Time: 2min30s
Stir few seconds to quickly stop the etching

Time: 3min

Time: 3min

Note: quick rinse of wafer out of holder

19



9.1B

9.2B
9.3B
9.4B
9.5B
9.6B

9.8B
9.9B
9.10B
9.11B

10.x
10.1
10.2
11.x
11.1
12.x
12.1

12.2

Wet etching of Cr

Beaker rinse 1
Beaker rinse 1
Beaker rinse 2
Water gun

Inspection

Resist stripping
Descum
Inspection

Metal thickness meas.

Dicing

Coating

Dicing

Graphene tranfer

2D material tranfer
Photolithography (4™)

Manual coating

Bake

Arias Acid

Arias Acid
Arias Acid
Arias Acid
Arias Acid

Optical microscope

UFT resist

Tepla GIGAbatch
Optical microscope
Bruker Dektak XT

Rite Track
Disco DAD321
Not in cleanroom

SSE SB20

SSE SB20

[=a]
N

Solution: commercial ready-to-use Cr selective over Cu
KMnO4+NazPOy4. Time: 40s

Stir few seconds to quickly stop the etching

Time: 3min

Time: 3min

Note: quick rinse of wafer out of holder

Note: important to verify that the are no more residues of Cr on the
wafer. The resistance of the wafer could be probed as a further test.
Note: follow the CMi procedure, heating at 70°C

Recipe: Strip_High_30s. Note: Cr is masked by Au

Note: measure thickness on the square pads structures to prevent the
bolometers from being damaged

Recipe C_AZ92xx_4um. Note: spincoat 4um of resist type AZ92xx
The CMi staff performs the dicing procedure

Recipe: STD_2000rpm. Note: poor a uniform layer of resist (ECI3007)
across the chip

Parameters: bake 1min at 90°. Note: measure the temperature with an
external thermometer since the tool measurement is normally lower than

the actual value. Clean back side of chips with acetone at the end
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12.3

124

12.5
13.x
13.1
13.2

13.3
134
14.x
14.1
14.2
14.3
144

Exposure

Manual development

Inspection

Oxygen plasma etching
O, athmosphere etch
Resist stripping

Inspection

Inspection

Vapor HF etching
Vapour HF etch of SiO,
Inspection

SiO; thickness meas.

Inspection

Heidelberg MLA150

Wet bench

Optical microscope

Tepla GIGAbatch
UTF resist

Optical microscope
Zeiss LEO 1550

Idonus HF VPE-100
Optical microscope

Nanospec AFT-6100
Zeiss LEO 1550

Intensity: 100mJ/cm? and Defoc: -8. Alignment marks: (-4200,3000),
(4200,3000), (-4200,-3000) and (-4200,-3000)

Parameters: 1min in AZ 726 MIF solution and then rinse Imin in a
beaker with deionised water.

Recipe: Strip_Low_30s

Note: follow the CMi procedure, heating at 70°C. It is advised to use
an holder in which the surface with graphene of the chips do not risk
to stick onto it due to the liquid surface tension. This could damage the
graphene

Parameters: 7min for 300nm and 32min for 3.2ym

Note: sometimes it is advised to change the microscope magnification
Note: use low EHT voltage (1keV-3keV), high voltages could damage
the structures

Table A.1 - Detailed runsheet for the first fabrication run at the CMi facility.
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SECOND FABRICATION RUN

STEP DESCRIPTION TooL RECIPE, PARAMETERS AND NOTES

0.x Wafer preparation

0.1 Check SiO, thickness Nanospec AFT-6100 Note: easure wet thermal silicon dioxide

0.2 Spin rinser dryer Semitool Program 1. Rinse wafer and dry

1.x Photolithography (1)

1.1 Coating ACS200 Recipe: 171_CMi.AZ15120nLOE.Oum48. Preparation: Bake, HMDS,
post bake and EBR. EBR is not necessary. Note: resist type AZ1512,
thickness 1.1ym on LOR thickness 0.48um

1.2 Exposure Heidelberg VPG200 Intensity: 5.2%, Defoc: -35%, zx: -110 and zy: -30

1.3 Develop ACS200 Recipe: 171_CMi.AZ15120onLOE.Oum48_2um

1.4 Develop ACS200 Recipe: 171_CMi.AZ1512onLOE.Oum48_2um. Note: this is not a typo, it
has to be done twice

1.5 Inspection Optical microscope -

1.6 Spin rinser dryer Semitool Program 1. Rinse wafer and dry

1.7 Descum Tepla GIGAbatch Recipe: Strip_Low_30s

1.8 Inspection Optical microscope -

2.x Metal Evaporation

2.1 Cr/Au evaporation Alliance-Concept EVA 760 Recipe: 450_Cr-Au_50-50. Parameters: 0.05kA of Cr and 0.25kA of Au.
Note: Working distance 450mm

22 Inspection Optical microscope -

3.x Lift-off

3.1

Dissolve resist

Plade Solvent

Time: 2h30min in static 1165 remover bath



3.2
3.3
34
3.5
3.6
3.7
3.8
3.9
3.10
3.11
4.x
4.1
4.2

4.3
44
5.x
5.1
52

53
8.4

55

Dissolve resist
Dissolve resist
VPA rinse

First rinse bath
First rinse bath
Spin rinser dryer
Inspection

Descum

Metal thickness meas.

Inspection
RF Sputtering
Spin rinser dryer

SiO; sputtering

Inspection

SiO, thickness meas.

Photolithography (2"9)

Spin rinser dryer

Coating

Exposure

Develop

Inspection

Plade Solvent
Plade Solvent
Plade Solvent
Plade Solvent
Plade Solvent
Semitool

Optical microscope
Tepla GIGAbatch
Bruker Dektak XT
Zeiss LEO 1550

Semitool
SPIDER600

Optical microscope
Nanospec AFT-6100

Semitool
ACS200

Heidelberg VPG200
Rite Track 88

Optical microscope

Time: 10min in ultrasound 1165 remover bath
Time: 10min in static 1165 remover bath
Time: 1 timer

Time: 1 timer

Time: 1 timer

Program 1. Rinse wafer and dry

Recipe: Strip_High_2min

Note: measure thickness on metal squares

Gold profile inspection

Program 1. Rinse wafer and dry
Note: deposition of high quality SiO, (recipe: SiO,_F). Time: 15min30s
approx 250nm. Etch rate: 16.4nm/min

Note: sometimes it is advised to change the microscope magnification

Program 1. Rinse wafer and dry

Recipe: 145_AZ79260_2um_HMDS. Preparation: Bake, HMDS and post
bake. EBR not needed. Note: resist type AZ92xx, thickness 2ym
Intensity: 55%, Defoc: -35%, zx: -110 and zy: -30

Recipe: AZ9269_2um. Procedure: develop and post bake. Note: run a
dummy wafer before developing
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5.6
6.x
6.1

6.2
6.3
6.4
6.5
6.6
6.7
6.8

6.9
6.10
6.11
7.X
7.1
7.2

7.3
74
7.5

Spin rinser dryer
Wet Etching of SiO,

Descum

Wet etching of SiO,
Fast fill rinse
Tricke tank 2

Spin rinser dryer
Inspection

Probe

Oxide thickness meas.

Resist stripping
Descum

Inspection
Photolithography (3'9)
Spin rinser dryer

Coating

Exposure
Develop
Develop

Semitool

Tepla GIGAbatch

Plade Oxide

Plade Oxide

Plade Oxide
Semitool

Optical microscope
Multimeter

Bruker Dektak XT

UFT resist
Tepla GIGAbatch

Optical microscope

Semitool
ACS200

Heidelberg VPG200
ACS200
ACS200

99

Program 1. Rinse wafer and dry

Recipe: Strip_High_30s. Note: Descum just before wet etching, because
the oxygen plasma increase the hydrophilicity of the wafer
Solution: BHF (7:1). Time: 2min40s for 250nm of SiO,

Program 1. Rinse wafer and dry

Probe gold lines to check electrical conduction

Note: measure thickness on the square pads structures to prevent the
bolometers from being damaged

Note: follow the CMi procedure, heating at 70°C

Recipe: Strip_High_30s. Note: Cr is masked by Au

Program 1. Rinse wafer and dry

Recipe: 171_CMi.AZ15120nLOE.Oum48. Preparation: Bake, HMDS,
post bake and EBR. EBR is not necessary. Note: resist type AZ1512,
thickness 1.1ym on LOR thickness 0.48ym

Intensity: 6%, Defoc: -35%, zx: -110 and zy: -30

Recipe: 171_CMi.AZ15120onLOE.Oum48_2um

Recipe: 171_CMi.AZ15120onLOE.Oum48_2um. Note: this is not a typo, it
has to be done twice
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7.6
7.7
7.8
79
8.x
8.1

8.2
9.x
9.1
9.2
9.3
94
9.5
9.6
9.7
9.8
9.9
9.10
9.11

Inspection

Spin rinser dryer
Descum
Inspection

Metal Evaporation

Cr/Au evaporation

Inspection
Lift-off

Dissolve resist
Dissolve resist
Dissolve resist
VPA rinse

First rinse bath
First rinse bath
Spin rinser dryer
Inspection

Descum

Metal thickness meas.

Inspection

Optical microscope
Semitool
Tepla GIGAbatch

Optical microscope

Alliance-Concept EVA 760

Optical microscope

Plade Solvent
Plade Solvent
Plade Solvent
Plade Solvent
Plade Solvent
Plade Solvent
Semitool

Optical microscope
Tepla GIGAbatch
Bruker Dektak XT
Zeiss LEO 1550

Program 1. Rinse wafer and dry

Recipe: Strip_Low_30s

Recipe: 450_Cr-Au_50-50. Parameters: 0.10kA of Cr and 1kA of Au.

Note: Working distance 450mm

Time: 2h30min in static 1165 remover bath

Time: 10min in ultrasound 1165 remover bath

Time: 10min in static 1165 remover bath
Time: 1 timer

Time: 1 timer

Time: 1 timer

Program 1. Rinse wafer and dry

Recipe: Strip_High_2min

Note: measure thickness on metal squares

Gold profile inspection

Table A.2 — Detailed runsheet for the second fabrication run at the CMi facility. The dicing, graphene transfer, patterning and release

will be pursued after handing in this thesis.
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68

B | Devices distribution on chips and

wafers

In this chapter the type of bolometers designed and their distribution on chips
and wafers are presented with a higher level of detail.

First fabrication run devices distribution

At the moment of writing this thesis, the maximal dimensions of suspended
graphene beams that could be achieved with the fabrication technique employed
in this project were unknown and therefore all possible dimensions needed to
be explored. Consequently, different bolometer design were created in order
to accomodate a wide range of graphene beams dimensions. As can be easily
deduced from figure 4.3, only the drain and source pads of the OGT design set
a constraint on the graphene beam length. In principle, the width of graphene
beams could always be changed, within sensible values, at the moment of de-
signing the graphene mask. The mask design of OGT chips was conceived to
already include the graphene layer and therefore the mask of these chips has
fixed graphene beams dimensions (length and width) for all bolometers. On
the contrary, the NGT and EGT can accomodate both many length and many
width and therefore the graphene mask for these chips is designed just before
exposure depending on the desired beams dimensions. The types of devices are
listed in table B.1.

The graphene transfer quality is not uniform across the substrate and in gen-
eral, it is more effective in the centre of the chip. Hence, if a statistic is needed to
determine what graphene beam sizes are the most likely to survive, it is neces-
sary to have the same amount of graphene beams types for each fixed distance
from the chip centre. This is achieved by adopting a spiral repetitive distribu-
tion as shown in figure B.1. It should be reminded at this point, that each chip
contains only one of the three class of bolometer design (OGT, NGT and EGT).



Design type Graphene beam sizes length x width [um?] / Structure type

OGT 2x1, 2x2, 5x1, 5x2, 5x5, 10x1, 10x2, 10x5, 10x10, 20x1, 20x2,
20x5, 20x10, 20x10

NGT Zig-zag structure can accommodate many beams dimensions

EGT Zig-zag structure can accommodate many beams dimensions

Test structures

16 different types (names not explicitly written here)

Table B.1 - Types of bolometers with relative beam dimension. The test structures are

not further discussed in this appendix, but the mask contains 16 different design types.

The pad design of the OGT bolometer is the only one setting some constraints on the

graphene beam sizes and therefore a different design for each beam length is needed.

10x5 10x10 20x1 20x2 20x5 20x10 2x1 10x2 Contact Contact
ontact_|-ontact_ Bolo_Hal|Pauw30c|Contact_| Pauw30 | Pauw30s|
R_Test_d[R_Test_o| TLM ) .
10x10 | 20x1 20x2 20x5 | 20x10 2x1 2x2 5x1 elta ne f zigzag| losed | R_Gold | medium | mall
5%2 5¢5 10x1 10x2 10x5 10x10 20x1 20x2 Contact_ | Cross10x| Cross15x | Cross30x | Cross50x| Cross50x | Cross50x | Cross10x|
R_Test 5 7 10 10 10_S 10_S2 5
5x1 10x5 10x10 20x1 20x2 20x5 20x10 20x5
X X X X X % X X Cross50x | Pauw30s | Cross15x| Cross30x [ Cross50x | Cross50x| Contact_ [ Cross15x
10_S2 mall 7 10 10 10_S R_Test 7
2x2 10x2 10x2 10x5 10x10 20x1 2x1 20x10
Cross50x| Pauw30 |[Cross10x Cross50; Contact_ Cross30x
2x1 10x1 10x1 20x2 2x2 2x1 10.S | medium 5 10 52 ||R-Testd| o
_ _ elta
Contact_
20x10 5%5 5x5 5x2 5x1 20x5 5x1 2x2 Cross50x [ Pauw30I [Pauw30s| Pauw30 | Pauw30l|| Contact_| Cross50x
n R_Test_o
10 arge mall | medium| arge R_Test 10
ne
20x5 5x2 5x1 2x2 2x1 20x10 5x2 5x1
=T Cross30x [Pauw30c | Bolo_Hal Contact_|Contact Cross50x
10 losed | f zi TLM  [R_Test_o|R_Test_d| TLM 105
20x2 | 20x1 | 10x10 [ 10x5 | 10x2 | 10x1 5x5 5x2 osed |lzigzag) e —
20x5 2002 20x1 10x10 10x5 1062 1061 5x5 Cross15x | Cross10x | Pauw30s Paqu30 Pauw30I |Pauw30c BoI?_HaI Cross50x
7 5 mall | medium| arge losed | f_zigzag| 10_S2
2x2 5x1 5x2 5%5 10x1 10x2 10x5 10x10 Contact_ | Pauw30Il |Pauw30c | Bolo_Hal Contact_|Contact_ Contact_|
. TLM  |R_Test_o|R_Test_d
R_Gold arge losed | f_zigzag R_Test
20x10 20x10 2x1 2x2 5x1 5x2 5x5 10x1 ne elta

Figure B.1 — On the left hand side the distribution of OGT bolometers on chips, while
on the right hand side the one of test structures. A spiral repetitive distribution was

chosen to approximately have the same number of bolometers/test structures types for

each fixed distance from the chip centre. In the grey bands the distribution is linear. In

red the repetitive pattern.
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Figure B.2 — Distribution of chip types on wafers. C1: EGT chip , C2: EGT chip, C3:
NGT chip and C4: test structures chip. Some of the chips are marked in yellow be-
cause are on the wafer edge and therefore some elements in the chips could be affected

negatively.

Following the same reasoning, it is desired to have the chips equally dis-
tributed on the wafers as well. In fact, some of the fabrication processes are not
uniform across the wafer. A clear example is the sputtering of silicon dioxide
discussed in Section 4.1.3. Thus, the distribution shown in figure B.2 was cho-
sen. The wafers contains eighteen chips of each bolometer class (OGT, NGT and
EGT) and seven test structures chips.

Second fabrication run devices distribution

The logic behind the process of gathering all bolometer designs into chips is the
same as discussed in the previous section. Using a spiral distribution would
be too time consuming for chips that can accomodate this many devices and
therefore another distribution was chosen as shown in figures B.3, B.4 and B.5.
These figures show the parameters chosen to generate the designs from the T-
Cells.

The chips distribution on wafers is still the one shown in figure B.2.



OGT chip, type =1 |

[ 0=25 |
wxh wxh

Il 20 20 [ 21 22 |10 103 [10x2 103 | 20 22 | 21 22 |10 103 [10x2 103 [ 20 22 | 2x1 22 [ 102 103 T2 T2
Pl 3 32 | 3a 32 [10x5 10x7 | 1065 10x7 | 3x1 3x2 [ 3 3x2 [10x5 10x7 [ 10«5 10x7 | 3x1 3x2 | 31 3x2 [10x5 10x7 1o 2: 10k 1083
Ell 33 41 | 33 4x1 [10410 20x1 [10x10 20x1 | 33 4x1 | 33 4x1 [10x10 20x1 [10x10 20x1 | 33 4x1 | 33 4x1 [10x10 20x1 2 3 2 106 1007
Il 2 4 [ 42 43 (2002 20x3 [20x2 203 | 42 43 | 42 43 [20x2 20x3 [20x2 203 | 42 43 | 42 43 [20x2 203 3 33 4 3 10x10 20x1
Bl x4 5x1 | 4@ 5x1 [20x5 20x7 | 20«5 20x7 | 4x4  5x1 | 4x4  5x1 [20x5 20x7 | 205 20x7 | 4x4  5x1 | x4 5x1 [ 20x5 20x7 4 a2 4 4 202 203
Bl 52 5x3 | 52 5x3 [20x10 20x15/20x10 2015 5x2  5x3 | Sx2  5x3 [20x10 20x15|20x10 20x15| 5x2 53 | 52 53 [20x10 20x15 5 a4 sa 5 20x5 2047
[l 55 10< | 5 10x1 | 2017 20x20|20x17 20x20| 55 10x1 | 5x5 10x1 | 20x17 20x20|20x17 20x20| 5x5  10x1 | 5x5_ 10x1 | 20x17 20x20 6 52 53 6 20x10 20x15
Ell 2a 202 | 20 22 [102 103102 103 | 24 22 | 20 22 [ 102 103 | 102 103 | 2d  2x2 | 2 22 | 102 103 7 56 10d 72017 2020
Il 3 32 | 3a 32 [10x5 10x7 | 1065 10x7 | 3x1 3x2 [ 3 3x2 [10x5 10x7 [ 10x5 10x7 | 3x1 3x2 | 3«1 3x2 [10x5 10x7
[ 33 4 | 33 4 |10x10 20«1 [10x10 20x1 [ 3x3  4x1 | 3x3  4x1 |10x10 20«1 [10x10 20x1 | 3x3  4x1 | 3x3  4x1 |10x10 20x1
Bl 42 43 [ 42 43 (202 20x3 202 203 | 42 43 | 42 43 | 202 203|202 203 | 4x2 43 | 4x2 4x3 | 202 203 [ 0=25 |
[Pl x4 5S¢ | 4x4 5x1 | 20x5 207 [ 20x5 20x7 [ 4x4  Sx1 | 4xd  5x1 | 20x5 20«7 [ 20x5 20x7 | 4x4  Sx1 | 4x4  5x1 | 20x5 20x7 wxh wxh
[Ell 52 53 | 52 53 |20x10 20x15(20x10 20x15| 5x2 53 | 5x2  5x3 |20x10 20x15[20x10 20x15| 5x2 53 | 5x2 53 |20x10 2015 T2 T2
[EM 5x5  10x1 | 5x5 10x1 |20x17 20x20[20x17 20x20| 5x5  10x1 | 5x5  10x1 | 20x17_20x20| 20x17 20x20| 5x5 10x1 | 5x5  10x1 | 20x17_20x20) 12 2, 1o 103
Bl 20 22 | 20 22 [ 102 103|102 103 | 20 2x2 | 2a 22 [ 102 103 | 102 103 | 24 2x2 | 2a 22 | 102 103 2 3 3 2106 10x7
O 31 3x2 | 3 3x2 [10x5 10x7 [ 10«5 10x7 | 3x1 3x2 | 31 3x2 [10x5 10x7 | 105 10x7 | 3x1 3x2 | 3«1 3x2 [10x5 10x7 333 4 3 10x10 20x1
[ 33 4 | 33 4a |10x10 20«1 [10x10 20x1 [ 3x3  4x1 | 3x3  4x1 |10x10 20«1 [10x10 20x1 | 3x3  4x1 | 3x3  4x1 |10x10 20x1 4 2 4 4 202 203
Bl 40 43 [ 42 43 (202 203 202 203 | 42 43 | 42 43 | 202 203|202 203 | 4x2 43 | 4x2 43 | 202 203 5 a4 5a 5 20x5 20x7
[EMl x4 5< | 4x4  5x1 | 20x5 207 [ 20x5 20x7 | 4x4  Sx1 | 4xd  5x1 | 20x5 20«7 [ 20x5 20x7 | 4x4  Sx1 | 4x4  5x1 | 20x5 20x7 6 s 53 6 20x10 20x15
Pl 52 5x3 | 52 53 [20610 20x15|20x10 20x15| 5x2  5x3 | 5x2 53 [20x10 20x15|20x10 20x15| 5x2 53 | 52 53 [20x10 20x15 7 55 10x 7 20017 2020
PIlll 55 100 | 5x5 10x1 | 20617 20x20|20x17 20x20| 5x5  10x1 | 5x5 10x1 | 20x17 20x20|20x17 20x20| 5x5  10x1 | 5x5_ 10x1 | 20x17 20x20
PPl a0 20 | 2a 22 | 102 103 | 102 103 | 2a 22 | 21 22 | 102 103 | 10x2 103 | 2d 22 | 2x1 22 | 102 103
Pl 3 3x2 [ 3 32 [ 106 10x7 | 10x5 10x7 | 3 32 [ X1 32 | 106 10x7 [ 10x5 10«7 [ 3 32 [ X1 32 | 1045 10x7
PZAl 3G ax1 | 33 4x 10010 20x1 |10x10 201 | 33 4x1 | 33 4] [10x10 20x1 [10x10 20x1 | 33 4x1 [ 33 4x1 |10x10 20x1
Pl 0 a3 [ 42 43 200 203|202 208 | 42 43 [ 42 43 |20 208 |20x2 203 | 42 43 [ 42 43 |202 203
Pl 4@ 5x1 | axa 5x1 | 2065 20x7 | 20x5 207 | 4x4  5x1 | 4xd 51 | 2065 20x7 | 20x5 20x7 [ 44 5x1 | 4xd  Sx1 | 2065 20x7
Pl 50 5x3 | 52 53 [20610 20x15|20x10 20415 5x2  5x3 | 5x2 53 [20x10 20x15|20x10 20x15| 5x2 53 | 52 53 [20x10 20x15
Bl 5 100 | 5x5 10x1 | 20617 20x20)20x17 20x20| 5x5  10x1 | 5x5 10x1 | 20x17 20x20|20x17 20x20| 5x5  10x1 | 5x5  10x1 | 20x17 20x20

Figure B.3 — Distribution of bolometers types on chips. This chip contains OGT bolome-
ters only (T-Cell parameter type = 1). Various values of overlapping region (or.c)
and graphene beam width and length (ht1.. and wr..) were chosen and uniformly dis-
tributed.

NGT chip, type=2

wxh wxh
I 42 43 | 5x1 0 5x1 [ 10x2 10x3 [ 10x2 10x3 | 4x2 43 [ 51 5x1 [10x2 10x3 [ 10x2 10x3 | 4x2 43 [ 5x1  5xI [10x2 10x3 1 2 1 2
Pl 3x1 3x2 | 5x2  5x2 [10x5 10x7 [ 10x5 10x7 | 3x1  3x2 | 5x2 5x2 | 10x5 10x7 [ 10x5 10x7 | 3x1  3x2 | 5x2 5x2 | 10x5 10x7 1 42 4x3 10x2 10x3
ERll 33 4x1 | 5x3  5x3 [10x10 20x1 [10x10 20x1 | 3x3  4x1 | 5x3  5x3 |10x10 20x1 [10x10 20x1 [ 3x3  4x1 | 5x3  5x3 |10x10 20x1 2 3 3 2 10x5 10x7
4 4x2  4x3 | 5x5  5x5 [ 20x2 20x3 | 20x2 20x3 [ 4x2  4x3 | 5x5  5x5 | 20x2 20x3 | 20x2 20x3 | 4x2  4x3 | 5x5  5x5 | 20x2 20x3 3 3x3 41 3 10x10 20x1
Ell 4x4 5x1 | 10x1 10x1 [ 20x5 20x7 [ 20x5 20x7 | 4x4  5x1 | 10x] 10x1 | 20x5 20x7 [ 20x5 20x7 | 4x4  5x1 | 10x1 10x1 | 20x5 20x7 4 a2 43 4 20x2 20x3
6 5x2  5x3 [ 10x2  10x3 | 20x10 20x15[20x10 20x15| 5x2  5x3 [ 10x2 10x3 | 20x10 20x15[20x10 20x15 5x2  5x3 | 10x2 10x3 [20x10 20x15, 5 4x4  5x1 5 20x5  20x7
PA 5x5  10x1 | 10x5 10x7 [20x17 20x20|20x17 20x20| 5x5 10x1 | 10x5 10x7 | 20x17 20x20|20x17 20x20| 5x5 10x1 | 10x5 10x7 | 20x17_20x20) 6 52 5x3 6 20x10 20x15
ERl 42 4x3 | 5x1 5x1 [ 10x2 10x3 [10x2 10x3 [ 4x2  4x3 | 5x1 5x1 | 10x2 10x3 [ 10x2 10x3 [ 4x2  4x3 [ 5x1 5x1 [10x2 10x3 7 5x5  10x1 7 20x17 20x20
ERl 3x1 3x2 | 5x2  5x2 | 10x5 10x7 | 10x5 10x7 [ 3x1  3x2 | 5x2  5x2 | 10x5 10x7 [ 10x5 10x7 [ 3x1  3x2 [ 52 5x2 | 10x5 10x7
[ 3x3  4x1 | 5x3  5x3 |10x10 20x1 [10x10 20x1 [ 3x3  4x1 | 5x3  5x3 |10x10 20x1 [10x10 20x1 [ 3x3  4x1 | 5x3  5x3 |10x10 20x1
(I 42  4x3 | 5x5 5x5 | 20x2 20x3 | 20x2 20x3 | 4x2  4x3 | 5x5  5x5 [20x2 20x3 | 20x2 20x3 | 4x2  4x3 | 5x5  5x5 [20x2 20x3
[P 4x4  5x1 | 10x1 10x] | 20x5 20x7 | 20x5 20x7 [ 4x4  5x1 | 10x1 10x] | 20x5 20x7 | 20x5 20x7 | 4x4  5x1 [ 10x1 10x1 | 20x5 20x7 [ 0=2 |
[EMN 5x2  5x3 [ 10x2  10x3 [20x10 20x15|20x10 20x15| 5x2  5x3 | 10x2 10x3 [20x10 20x15[20x10 20x15| 5x2  5x3 | 10x2 10x3 [ 20x10 20x15 wxh wxh
[EA 5x5  10x1 | 10«5 10x7 | 20x17_20x20| 20x17_20x20| 5x5  10x1 | 10x5 10x7 | 20x17_20x20| 20x17_20x20| 5x5 10x1 | 10x5 107 | 20x17_20x20| 1 2 1 2
(BN o2 43 | sx1 5x1 [ 10x2 10x3 [ 10x2 10x3 | 4x2 43 [ 5x1 5x1 [ 42 4x3 [10x2 10x3 | 42 43 [ 5x1 5x1 [10x2 10x3 1 51 5x 1 10x2 103
W 3«1 3x2 | 5x2  5x2 | 10x5 10x7 [ 10x5 10x7 [ 3x1  3x2 | 5x2  5x2 | 3x1  3x2 [ 10x5 10x7 [ 3x1 3x2 [ 5x2 5x2 | 10x5 10x7 2 2 5x 2 105 10x7
(VA 3x3  4x1 | 5x3  5x3 [10x10 20x1 |10x10 20x1 | 3x3  4x1 | 5x3  5x3 | 3x3  4x1 [10x10 20x1 | 3x3  4x1 | 5x3  5x3 [10x10 20x1 3 53 53 3 10x10 20x1
I 4x2  4x3 | 5x5  5x5 [ 20x2  20x3 | 20x2  20x3 [ 4x2  4x3 | 5x5  5x5 | 4x2  4x3 | 20x2 20x3 | 4x2  4x3 | 5x5  5x5 | 20x2  20x3 4 5x5  5x5 4 20x2 20x3
[CM x4 5x1 [ 10x1 10x1 | 20x5 20x7 | 20x5 20x7 | 4x4  5x1 [ 10x1 10x1 | 4x4  5x1 | 20x5 20x7 | 4x4 5x1 | 10x1 10x1 [ 20x5 20x7 5 10x1 101 5 20x5 20x7
20 5x2  5x3 [ 10x2  10x3 | 20x10 20x15[20x10 20x15| 5x2  5x3 [ 10x2 10x3 | 5x2  5x3 [20x10 20x15 5x2  5x3 | 10x2 10x3 [20x10 20x15, 6 10x2 10x3 6 20x10 20x15
PABN 5x5  10x1 | 10x5  10x7 [20x17 20x20[20x17 20x20| 5x5 10x1 | 10x5 10x7 | 5x5 10x1 [20x17 20x20| 5x5 10x1 | 10x5 10x7 | 20x17_20x20) 7 10x5 10x7 7 20x17 20x20
pYAll 42 4x3 | 5x1 5x1 [10x2 10x3 [ 10x2 10x3 [ 4x2  4x3 | 5x1  5x1 | 10x2 10x3 [ 10x2 10x3 [ 4x2  4x3 [ 5x1  5x1 [ 10x2 10x3
PERN 3x1  3x2 | 5x2 52 [ 10x5 10x7 [ 10x5 10x7 [ 3x1  3x2 | 5x2  5x2 | 10x5 10x7 | 10x5 10x7 [ 3x1 3x2 | 5x2  5x2 | 10x5 10x7
PZI 3x3  4x1 | 5x3  5x3 [10x10 20x1 [10x10 20x1 | 3x3  4x1 | 5x3  5x3 |10x10 20x1 [10x10 20x1 [ 3x3  4x1 | 5x3  5x3 |10x10 20x1
PER 4x2  4x3 | 5x5  5x5 [ 20x2 20x3 [ 20x2 20x3 | 4x2  4x3 | 5x5 5x5 | 20x2 20x3 | 20x2 20x3 | 4x2  4x3 | 5x5 5x5 | 20x2 20x3
PIJM 4x4  5x1 | 10x1 10x] [ 20x5 20x7 [ 20x5 20x7 | 4x4  5x1 | 10x1 10x] | 20x5 20x7 | 20x5 20x7 | 4x4  5x1 [ 10x1 10x1 | 20x5 20x7
PYAl 5x2  5x3 | 10x2 10x3 [20x10 20x15[20x10 20x15| 5x2  5x3 | 10x2 10x3 | 20x10 20x15|20x10 20x15[ 5x2  5x3 | 10x2 10x3 | 20x10 20x15,
PRl 5x5  10x1 | 10x5  10x7 | 20x17_20x20[20x17_20x20| 5x5  10x1 | 10x5 107 [ 20x17 20x20|20x17_20x20| 5x5 101 | 10x5_10x7 | 20x17_20x20|

Figure B.4 — Distribution of bolometers types on chips. This chip contains NGT bolome-
ters only (T-Cell parameter type = 2). Various values of overlapping region (or.)
and graphene beam width and length (ht.. and wr..) were chosen and uniformly dis-
tributed.



EGT chip, type=3

[ o= irrelevant |

1516 8 [ wxh wxh |
1 2x1 2x2 | 10x2 10x3 | 2x1 2x2 | 10x2 10x3 | 2x1 2x2 | 10x2 10x3 [ 2x1 2x2 | 10x2 10x3 | 2x1 2x2 | 10x2 10x3 | 2x1 22 1 2 1 2
2 3x1 3x2 [ 10x5 10x7 | 3x1 3x2 | 10x5  10x7 | 3x1 3x2 | 10x5 10x7 | 3x1 3x2 [ 10x5 10x7 | 3x1 3x2 | 10x5 10x7 | 3x1 3x2 1 21 2x2 1 10x2 10x3
3 3x3  4x1 |10x10 20x1 | 3x3  4x1 [10x10 20x1 | 3x3  4x1 [10x10 20x1 [ 3x3  4x1 |10x10 20x1 | 3x3  4x1 [10x10 20x1 | 3x3  4x1 2 3x1 0 3x2 2 10x5  10x7
4 4x2 4x3 [ 20x2 20x3 | 4x2  4x3 | 20x2 20x3 [ 4x2  4x3 | 20x2 20x3 | 4x2  4x3 [ 20x2 20x3 | 4x2  4x3 | 20x2 20x3 [ 4x2  4x3 3 33 4l 3 10x10 20x1
5 4x4 5x1 | 20x5  20x7 | 4x4 5x1 | 20x5 20x7 [ 4x4 5x1 | 20x5 20x7 | 4x4 5x1 | 20x5  20x7 | 4x4 5x1 | 20x5 20x7 [ 4x4 5x1 4 4x2 4x3 4 20x2  20x3
6 5%x2  5x3 |20x10 20x15| 5x2  5x3 |20x10 20x15| 5x2  5x3 [20x10 20x15| 5x2  5x3 [20x10 20x15| 5x2  5x3 [20x10 20x15| 5x2  5x3 5 4x4  5x1 5 20x5  20x7
7 5x5_ 10x1 | 20x17_20x20| 5x5  10x1 [ 20x17 20x20| 5x5  10x1 | 20x17 20x20| 5x5 10x1 | 20x17 20x20| 5x5 10x1 | 20x17_20x20| 5x5 10x1 6 5x2 5x3 6 20x10 20x15
8 2x1 2x2 | 10x2 10x3 | 2x1 2x2 | 10x2 10x3 | 2x1 2x2 | 10x2 10x3 [ 2x1 2x2 | 10x2  10x3 | 2x1 2x2 | 10x2 10x3 | 2x1 22 7 5x5  10x1 7 20x17 20x20

3x1 3x2 [10x5 10x7 [ 3x1  3x2 [ 10x5 10x7 | 3x1  3x2 | 10x5 10x7 | 3x1  3x2 | 10x5 10x7 [ 3x1  3x2 [10x5 10x7 [ 3x1  3x2
IO 3x3  4x1 [10x10 20x1 | 3x3  4x1 |10x10 20x1 | 3x3  4x1 |10x10 20x1 | 3x3  4x1 [10x10 20x1 | 3x3  4x1 [10x10 20x1 | 3x3  4x1
L 42 43 (2002 2003 | 42 43 | 20x2 20x3 | 4x2  4x3 | 20x2 203 | 4x2  4x3 [ 20x2 20x3 | 4x2 43 [ 20x2 2003 | 42 43
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Figure B.5 - Distribution of bolometers types on chips. This chip contains EGT bolome-
ters only (T-Cell parameter type = 3). Various values graphene beam width and length
(h1c and wr.) were chosen and uniformly distributed.
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C | T-Cell code

n this appendix a copy of the code used to draw the bolometers on the second
fabrication run mask is presented. This code has not yet been optimised.

T
* Cell Name: Master_BoloDevice

* Creator : Marco Di Gisi

*

* Revision History:

* 14 Apr 2016 Generated by L—Edit

R R S o R
#include <cstdlib >

#include <cmath>

#include <cstring>

#include <cstdio>

#include <string>

#include <time.h>

#define EXCLUDE_LEDIT LEGACY_UPI
#include <ldata.h>

/* Begin — Uncomment this block if you are using L—Comp. =/
//#include <lcomp.h>
/* End */

/* TODO: Put local functions here. =/
void Master_BoloDevice_main(void)
{
int iTmpUpiReturnCode = LUpi_GetReturnCode () ;
/* Begin DO NOT EDIT SECTION generated by L—Edit =/

LCell cellCurrent = (LCell)LMacro_GetNewTCell () ;

int type = LCell_GetParameterAsInt(cellCurrent, "type");
double h = LCell_GetParameterAsDouble(cellCurrent, "h");
double w = LCell_GetParameterAsDouble(cellCurrent, "w");
double o = LCell_GetParameterAsDouble(cellCurrent, "o0");

/* End DO NOT EDIT SECTION generated by L—Edit =/

if (LUpi_GetReturnCode () )

{
LDialog_MsgBox ("Error: Tcell failed to read parameters.");
return;

}
LUpi_SetReturnCode (iTmpUpiReturnCode) ;

/*CODE WRITTEN BY MARCO DI GISI*/

//LOAD CELLS AND LAYERS
LFile pFile = LCell_GetFile(cellCurrent);
LLayer SourceDrain = LLayer_Find (pFile, "SourceDrain");
LLayer Gate = LLayer_Find (pFile, "Gate");
LLayer FreeGate = LLayer_Find(pFile, "FreeGate");
LLayer Graphene = LLayer_Find(pFile, "Graphene");
LLayer Outline = LLayer_Find(pFile, "Outline");

//CONVERSION IN um
LCoord H = h+1000;
LCoord W = w+1000;
LCoord O = 0%1000;

//FIXED STRUCTURES

//Size of device

LObject OSize = LBox_New(cellCurrent, Outline, —175000, —205000, 175000, 75000);
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66 //Pads design

67 LObject OLeftPad = LBox_New(cellCurrent, SourceDrain, —150000, —50000, —50000, 50000);
68 LObject ORightPad = LBox_New(cellCurrent, SourceDrain, 50000, —50000, 150000, 50000);
69 LObject OCentralPad = LBox_New(cellCurrent, SourceDrain, —50000, —180000, 50000, —80000);
70 LObject OGate = LBox_New(cellCurrent, Gate, —40000, —170000, 40000, —90000);

71 LObject OFreeGate = LBox_New(cellCurrent, FreeGate, —45000, —175000, 45000, —85000);
72

73 //Create arrays for polygon on the left

74 LPoint Lptl = LPoint_Set(—50000, 50000);

75 LPoint Lpt2 = LPoint_Set(-W/2, 10000);

76 LPoint Lpt3 = LPoint_Set(-W/2, —10000);

77 LPoint Lpt4 = LPoint_Set(—50000, —50000);

78 LPoint Larray [4] = {Lptl, Lpt2, Lpt3, Lptd};

79 //Draw polygon on the left

80 LObject OLeftPadPoly = LPolygon_New( cellCurrent, SourceDrain , Larray , 4);

81

82

83 //Create arrays for polygon on the right

84 LPoint Rptl = LPoint_Set(50000, 50000);

85 LPoint Rpt2 = LPoint_Set(W/2, 10000);

86 LPoint Rpt3 = LPoint_Set(W/2, —10000);

87 LPoint Rpt4 = LPoint_Set (50000, —50000);

88 LPoint Rarray [4] = {Rptl, Rpt2, Rpt3, Rpt4d};

89 //Draw polygon on the left

90 LObject OReftPadPoly = LPolygon_New( cellCurrent, SourceDrain , Rarray , 4);

91

92 //GRAPHENE STRUCTURE

93

94 // Strip

95 LObject OGrapheneStrip = LBox_New(cellCurrent, Graphene, -W/2-5000, -H/2, W/2+5000, H/2);
96

97 // Squares

98 LObject Sql = LBox_New(cellCurrent, Gate, -W/2-5000, -H/2, -W/2, -H/2-5000);

99 LObject Sq2 = LBox New(cellCurrent, Gate, -W/2-5000, H/2, -W/2, H/2+5000) ;

100 LObject Sq3 = LBox_New(cellCurrent, Gate, W/2, -H/2, W/2+5000, —H/2—-5000);

101 LObject Sq4 = LBox_New (cellCurrent, Gate, W/2, H/2, W/2+5000, H/2+5000) ;

102 // Cercles

103 LPoint C1 = LPoint_Set(-W/2, H/2+5000);

104 LPoint C2 = LPoint_Set(-W/2, —-H/2-5000);

105 LPoint C3 = LPoint_Set(W/2, H/2+5000);

106 LPoint C4 = LPoint_Set(W/2, -H/2-5000);

107 LObject Circlel = LCircle_New (cellCurrent, SourceDrain,Cl, 5000);

108 LObject Circle2 = LCircle_New (cellCurrent, SourceDrain,C2, 5000);

109 LObject Circle3 = LCircle_New (cellCurrent, SourceDrain,C3, 5000);

110 LObject Circle4 = LCircle_New (cellCurrent, SourceDrain,C4, 5000);

111 //Boolean operation

112 LObject A[4] = {Sql, Sq2, Sq3, Sq4};

113 LObject B[4] = {Circlel, Circle2, Circle3, Circle4};

114 LCoord resize = 1;

115 LCell_BooleanOperation( cellCurrent, LBoolOp_SUBTRACT, resize, A, 4, B, 4, Graphene, LIRUE );
116

117 //Create squares

118 LObject Sq5 = LBox_New(cellCurrent, Gate, —50000, —50000, -W/2—-5000, 50000);
119 LObject Sq6 = LBox_New (cellCurrent, Gate, 50000, —50000, W/2+5000, 50000);

120 //Boolean operation

121 LObject C[2] = {OLeftPadPoly, OReftPadPoly};

122 LObject D[2] = {Sq5, Sq6};

123 LCell_BooleanOperation( cellCurrent, LBoolOp_AND,resize, C, 2, D, 2, Graphene, LTRUE );
124 // Recreate polygons

125 LObject OLeftPadPoly_re = LPolygon_New( cellCurrent, SourceDrain , Larray , 4);
126 LObject OReftPadPoly_re = LPolygon_New( cellCurrent, SourceDrain , Rarray , 4);
127

128 //Create arrays for polygon on the right

129 LPoint Cptl = LPoint_Set(50000, —80000);

130 LPoint Cpt2 = LPoint_Set(0, —50000);

131 LPoint Cpt3 = LPoint_Set(0, —50000);

132 LPoint Cpt4 = LPoint_Set(—50000, —80000);

133 LPoint Carray [4] = {Cptl, Cpt2, Cpt3, Cptd};

134 //Draw polygon in the centre

135 LObject OCentrePadPoly = LPolygon_New( cellCurrent, SourceDrain , Carray , 4);
136

137

138 //TYPES OF STRUCTURES

139

140 // Querlapping

141 if (type==1){

142

143 // Tip

144 LObject OLeftPad = LBox_New(cellCurrent, Gate, -W/2-0/2, —90000, W/2+O/2, 50000-W/2—-0O/2);
145 LPoint Centre = LPoint_Set(0, 50000-W/2-0/2);

146 LObject Circle = LCircle_New (cellCurrent, Gate,Centre, W/2+0/2);

147

148 }

149 //Narrow

150 else if (type==2){

151

152 // Tip

153 LObject OLeftPad = LBox_New(cellCurrent, Gate, -W/2+0/2, —90000, W/2-O/2, 50000-W/2+0/2);



154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176

}

LPoint Centre = LPoint_Set(0, 50000-W/2+0/2);
LObject Circle = LCircle_New (cellCurrent, Gate,Centre, W/2-0/2);

}
// Equal
else {

//Draw polygon in the centre

LObject OCentrePadPoly = LPolygon_New ( cellCurrent, SourceDrain , Carray , 4);
// Tip

LObject OLeftPad = LBox_New/(cellCurrent, Gate, -W/2, —90000, W/2, 50000-W/2);
LPoint Centre = LPoint_Set(0, 50000-W/2);

LObject Circle = LCircle_New (cellCurrent, Gate, Centre, W/2);

}

R Ty

extern "C" int UPI_Entry_Point(void)

{

}

Master_BoloDevice_main () ;
return 1;
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Acronyms

DTU Technical University of Denmark. 21
CMi Center of Micronanotechnology. 17, 20, 36, 56, 57, 59, 60, 62, 63, 66, 67

2D-material Two Dimensional materials. 1, 3-5, 10-12, 15, 16, 24, 53, 54
ALD Atomic Layer Deposition. 33
BHF Buffered HydroFluoric acid. 19

CBKR Cross Bridge Kelvin Resistor. 24
CD Critical Dimension. 19, 20, 24, 29, 36

CVD Chemical Vapour Deposition. 3, 4, 10, 12, 21, 48

EBR Edge Bead Removal. 58, 60, 61, 64—66
EGT Equal Gate Tip. 23, 26, 39, 68-70, 72

EPFL Ecole Politechnique Fédérale de Lausanne. 17, 36, 56

HF HydroFluoric acid. 19-21, 33, 54, 56, 57
HGT Half Gate Tip. 23-25

HMDS HexaMethylDiSilazane. 58, 60, 61, 64-66

IPA IsoPropyl Alcohol. 22

IR InfraRed. 2-8, 10, 11, 13, 15, 53

MEMS Micro ElectroMechanical Systems. 3
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78

NEMS Nano ElectroMechanical Systems. 11
NETD Noise Equivalent Temperature Difference. 8, 9, 11, 12

NGT Narrow Gate Tip. 23, 26, 34, 37, 39, 43, 44, 46, 68-71
OGT Overlapping Gate Tip. 23, 26, 34, 39, 43, 44, 46, 48, 68-71

PDMS PolyDiMethylSiloxane. 22

PMMA Poly-Methyl MathAacrylate. 22, 33

SEM Scanning Electron Microscope. 29, 34, 35, 4446

SSP Single Side Polished. 19, 36, 56

TCR Temperature Coefficient of Resistance. 7, 11, 13, 14

TLM Transmission Line Measurement. 24



Glossary of mathematical symbols

Isp Current flowing between the source and drain electrodes [A]. 48, 51

Ly Gap between source and drain electrodes in a bolometer design [m]. 23, 24
T, Room temperature [K]. 2, 15

Vi Voltage applied to the gate electrode [V]. 48

Vsp Voltage applied between the source and drain electrodes [V]. 48

pc Contact resistivity [QOm?]. 24, 47

ps Sheet resistivity [()] or symbolically [()/U]. 24, 47

ht.. Parameter of the T-Cell determining the graphene beam width. 38, 39, 71,
72

ot.c Parameter of the T-Cell determining the spacing between the source-drain
electrodes and the gate tip. 38, 39, 71

type Parameter of the T-Cell determining the type of bolometer. 38, 39, 71, 72

wt.. Parameter of the T-Cell determining the graphene beam length and there-
fore the distance between the gate and source electrodes. 38, 39, 71, 72
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