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Abstract

Integration of 2D Materials in Biomimetic Photonic Structures

Today'’s society lives in constant dependence on electricity. It is common sense to look for sources that
produce electricity with a minimal ecological footprint such as solar energy. The state-of-the-art of solar
energy conversion is a very optimistic but uninspiring scenario since the highest efficiency research cell
does not exceed 47.1%. Using bioinspired photonic nanostructures, it is possible to improve light-matter
interactions of additional light-harvesting layers from volumes as reduced as two-dimensional materials
on top of these cells, through techniques available in cleanroom-free environments. This allows a simpler
and lower-cost way to increase the performance of the final device without increasing its footprint. The
reproduction of sinusoidal optical diffraction gratings (nanowrinkles) inspired in epidermal cells’” walls of
angiosperms to enhance light-matter interactions of adjacent graphene was studied.

A reproducible process was developed for the manufacture of nanowrinkles with periodic features of
600, 800, and 1000 nm composed of PDMS activated by an oxygen plasma treatment showing a sinusoidal
profile with R? of 85.94%, 78.76%, and 97.00% respectively. Almost all fabricated samples behaved as
optical diffraction gratings in angular spectrophotometry measurements.

A method for integrating graphene grown by chemical vapor deposition into the aforementioned nanos-
tructures was developed, based on a wet transfer. Fabricated samples with transferred graphene main-
tained the same periodicity, showing a sinusoidal profile with R? of 80.41%, 62.60%, and 43.32% respec-
tively. Optically, the combination of the nanostructure with the material kept the behavior of a diffraction
grating. Raman’s spectroscopy measurements on transferred graphene onto oxygen plasma-treated PDMS
showed a 2D/G bands ratio and G band spectral position expected from a monolayer. Due to the material’s
brittleness resulting from the oxygen plasma treatment of PDMS, consistently oriented cracks appeared
across the entire surface, inhibiting electrical conduction in transferred graphene.

An implementation of gold contacts by sputtering with a copper adhesion layer spaced by 200 um
was developed so that crack-free continuous areas of graphene connected side-by-side contacts. This
technique allowed the injection of electric current when voltage was applied between contacts. Resistance

was measured with values R ~ 10! - 102 kQ.

Keywords: solar energy, bioinspired, light-matter, light-harvesting, cleanroom-free, footprint, nanowrin-

kles, PMDS, oxygen plasma, graphene, wet transfer
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Resumo

Integracao de Materiais 2D em Estruturas Fotonicas Biomimé-
ticas

A sociedade atual vive em constante dependéncia de energia elétrica. E do senso comum procurar
fontes produtoras de energia elétrica com pegada ecoldgica minima, tais como a energia solar. O estado
da arte da conversao energética solar ¢ um cenario muito otimista, mas pouco inspirador, ja que a cé-
lula solar investigada de maior rendimento nao ultrapassa os 47.1%. Utilizando nanoestruturas fotdnicas
bioinspiradas, & possivel melhorar interacoes luz-matéria de camadas adicionais de colheita luminosa de
volumes tao reduzidos quanto de materiais bidimensionais no topo destas células, utilizando técnicas dis-
poniveis em ambientes fora de sala-limpa. Isto permite aumentar o rendimento do dispositivo final sem
aumentar consideravelmente a sua dimensao, de forma mais simples e barata. Estudou-se a reproducao
de redes de difracao dticas sinusoidais (nanorrugas) bioinspiradas em paredes celulares epidérmicas de
angiospermas para melhorar as interacdes luz-matéria de grafeno adjacente.

Desenvolveu-se um processo consistente de fabrico de nanorrugas periodicas de 600, 800 e 1000 nm
compostas por PDMS tratado por plasma de oxigénio mostrando um perfil sinusoidal com R? de 85.94%,
78.76% e 87.00%, respetivamente. Quase todas as amostras fabricadas comportaram-se como redes de
difracdo dtica em medicdes de espetrofotometria angular.

Desenvolveu-se um método de integracao de grafeno crescido por deposicao quimica a vapor nas na-
noestruturas mencionadas acima, com base numa transferéncia humida. Amostras fabricadas com gra-
feno transferido mantiveram a periodicidade, mostrando um perfil sinusoidal com R? de 80.41%, 62.60%
e 43.32%, respetivamente. Oticamente, a combinacao da nanoestrutura com o material manteve o com-
portamento de uma rede de difracao. Medicdes em espectroscopia de Raman sobre grafeno transferido
para PDMS tratado com plasma de oxigénio mostraram um racio de bandas 2D/G e posicdo espectral de
banda G esperados de uma monocamada. Devido a fragilidade da superficie de PDMS tratada, aparece-
ram fendas que inibem a conducédo elétrica no grafeno transferido, consistentemente orientadas.

Foi desenvolvida uma implementacéo de contactos de ouro por pulverizacao catédica, com camada
de adesao de cobre, distanciados por 200 um, de forma que zonas continuas de grafeno entre fendas
conectassem contactos lado a lado. Esta técnica permitiu a injecao de corrente elétrica quando aplicada
tensdo entre contactos, tendo sido medidas resisténcias com valores R ~ 10! - 10% kQ.

Palavras-chave: |luz-matéria, colheita luminosa, nanorrugas, PDMS, plasma de oxigénio, grafeno
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allotrope

angiosperms

charge-coupled device

Fast Fourier Transform

Glossary

Allotropy is the property of some chemical elements to exist in two or more
different forms in the same physical state. These forms are called allotropes
and are caused by the way atoms of the structure are bonded with each
other. Examples of carbon allotropes are fullerenes as a 0D, nanotubes as
a 1D, and graphite and diamond as a 3D material. 5

Angiosperms are vascular plants whose seeds are developed after eggs, i.e.,
feminine gametes are fertilized in an ovary, usually inside a flower. An-
giosperms’ flowers also have male reproductive organs producing pollen
grains or tubes. These species require the crossing of gametes between
different individuals for following fertilization [1]. 10, 51

A charge-coupled device is an integrated circuit containing an array of linked
or coupled capacitors linked with photodetectors. These capacitors at each
light exposure can charge up by photovoltaic effect. The charges on each
pixel of the first row are read by a read-out register, then receiving the charges
from the second row and so on [2]. xx, 14

Fast Fourier Transform is an algorithm that quickly calculates the Discrete
Fourier Transform or its inverse. Fourier analysis converts a signal from the
original domain to a frequency domain representation and vice versa. The
discrete Fourier transform is obtained by decomposing a sequence of values
into components of different frequencies. 16

Xviii



GLOSSARY

low-pass filter

optoelectronic

polarized

spin coating

Young’s modulus

A low-pass filter passes signals with a frequency lower than a selected cutoff
frequency and attenuates signals with higher frequencies. In optics it is also
known as anti-aliasing or blur filter and smooths up the image since outline
pixels are the ones with the higher frequencies, thus their intensity being
attenuated [3]. 14

Optoelectronics is the field in charge of studying the process of transforming
light into electrical energy or the other way around. It is usually considered
a sub-field of photonics. Optoelectronic devices are electrical-to-optical or
optical-to-electrical transducers, or systems that base their working principle
on such transducers [4]. 2, 4, 20, 34, 45, 48, 51, 52

Polarization is a spatial property of electromagnetic waves. These waves
have an electric and a magnetic field orthogonally oscillating between an
absolute maximum and minimum. When the light gets reflected on a flat
surface, it follows a constant plane of incidence. P-polarized light comes
from parallel, which means the light wave’s electric field is parallel to this
plane. On the other hand, s-polarized comes from senkrecht, German for
perpendicular, meaning this electric field is orthogonal with that plane. 31

Spin coating is a method for evenly dispersing thin films over flat substrates.
Typically, a little quantity of coating material is deposited to the substrate’s
center, which is either not spinning at all or spinning at a low speed. The
coating material is subsequently disseminated by centrifugal force while the
substrate is rotated at a speed of up to 10,000 rpm. Spin coaters, or simply

spinners, are devices used for spin coating [5]. 34

A numerical constant that describes the elastic properties of a solid under-
going tension or compression in only one direction. This constant is a mea-
sure of the ability of a material to withstand changes in length when under
lengthwise tension or compression. It is a specific form of Hooke's law of
elasticity. The international unit of Young’s modulus is newtons per square
meter (Nm~2) but it can be also measured in pascals (Pa). 5, 10, 11, 20,
23
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Acronyms

2DM two-dimensional material 4, 6, 7, 9, 11, 12, 13, 18, 19, 34, 35, 40, 49, 51
3D three-dimensional xviii, 14, 18, 19, 20, 27, 28, 31, 41, 75, 76

AFM Atomic Force Microscopy 14, 28, 29, 30, 41, 42, 43
BF bright-field microscopy 27, 38, 68, 72, 73, 74

CCD charge-coupled device 14, 16

CVD Chemical Vapor Deposition 11, 34, 35
DC direct current 49
DF dark-field microscopy 38, 68, 73

LASER light amplification by stimulated emission of radiation 7, 14, 46, 47
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Introduction

Brief framing and motivation of the dissertation project, theoretical introduction of the
topics covered (State of the Art) and the measurement methods used.

In this introductory chapter, the current cons of the most studied light-harvesting materials and their
problematics for light-matter interactions are defined. Optical diffraction gratings as suitable nanostruc-
tures to enhance such interactions are analyzed. Methodologies for the fabrication of devices based on
these nano-architectures along with the integration of two-dimensional materials are discussed. Finally,
measurement methods and setups used throughout this dissertation are presented.

1.1 Framing and Motivation

Capturing light is a phenomenon that has been on this planet for over 3400 million years [6]. In the
attempt to survive, nature is continuously adapting every living species to the environment, as well as
their fundamental processes and the structures behind them. Light-interacting processes among living
beings were also tuned depending on each purpose [7]. Using nature as a guideline to manufacture new
light-harvesting devices based on two-dimensional materials could lead to greater device efficiency in less

space.

1.1.1 Natural Photonics Research

Natural photonics studies light-interacting processes in nature. This is a sub-field of the very broad field
of photonics. Biomimetic photonic structures are artificial photonic structures mimicking existing natural
ones. These natural structures can go from a simple Diplazium tomentosum leaf to a complex Morpho
rhetenor wing, as shown in figure 1.

The wave-like behavior of light allows for constructive and destructive interference. Photonics uses
this principle to manipulate, generate and detect light in a huge range of ways with multiple scientific
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objectives in mind, making use of natural structures as blueprints for artificial bioinspired photonic struc-
tures. The motivation behind this research field matches the possibility of creating structures with more
resilient optical properties (e.g., structural colors in contrast to dye-dependant colors) using a wide range
of transparent materials provided by the correct nanostructuring of the layers in the system. Moreover,
nanostructures found in nature are usually more robust to drawbacks relative to artificial designs.

Figure 1: a, Real colour image of a M. rhetenor wing. b, Bar 1.8 um, TEM of wing's cross-section of
M. rhetenor. d, Blue iridescence in Selaginella. e, TEM section of a leaf from Diplazium tomentosum.
Adapted from [8].

In this case, natural photonic structures will be sought in order to produce diffractive effects in the
visible (VIS)+near-infrared (NIR) spectrum of light, such as in optical diffraction gratings. The replication
of this phenomenon is frequent in nature, motivated by the importance of color in mechanisms of survival
or breeding of species.

1.1.2 Optoelectronic Devices

The main reason humanity adapted light-interacting processes from nature was to convert light into usable
energy as electricity. Devices capable of producing such conversion processes are called optoelectronic
devices. The manufacturing of these devices belongs to a large, thriving, and well-established industry
in modern society with a vast number of applications such as solar energy, light detection, and digital
photography.

The most common building blocks of conventional optoelectronic devices are semiconductor p-n junc-
tions. When a sufficiently energetic beam of photons illuminates an insulated p-n junction, A < E’g’—sp, with
Eg4qp being the band gap between the top of the valence band and the bottom of the conduction band, the
material suffers an internal photoelectric effect. Electrons transit from the valence band to the conduction
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band, leaving an empty state — also called hole, in the former, thus generating electron-hole pairs! bound
by the electrostatic attraction.

The electric field in the junction’s depletion zone forces electrons and holes to move into different
regions, preventing recombination. The charges created accumulate unevenly on either side, decreasing
the junction’s potential barrier height. Whenever this barrier disappears, the charge transition from one
region to another comes to an end. With this, the electron-hole pairs separation stops and the junction
reaches a flat band condition, shown as a constant potential — the photoelectromotive force Vj (figure 2).

Figure 2: The origin of V; at a p-n junction. Dashed lines represent
el et electronic bands in the dark. Lighting causes the barrier height to
decrease. The arrows indicate the photocurrent and the current

- I - due to the decrease of the barrier. Adapted from [9].

When the depletion zone of the junction is short-circuited, a stationary current proportional to the
intensity of the illumination is generated, called photocurrent,

jf = eGp (1.1)

where G is the electron-hole pair generation rate near the surface by area unit and f is the fraction of
holes created that reach the depletion zone [9].

1.1.3 Improving Conventional Devices

As in every other conversion process, the aim is to maximize its efficiency. The largest source of losses
in semiconductor junctions is related to photon absorption with energy much greater than the building
material Eg4qp [10]. Charge carriers are created with enormous kinetic energy, which is then dissipated
in several collisions, turning into heat, an unpleasant guest in every electronic device, especially in pho-
tovoltaic cells [11]. The bulk material selection and its level of purity largely influence the efficiency of
the device. The way to maximize photovoltaic efficiency is to achieve the theoretical limit in which all
light-generated electron-hole pairs created participate in the photocurrent j.

Notably, although the peak value of the spectral distribution of sunlight corresponds to photon energy
similar to the Egqp, of crystalline silicon (1.1 eV), there are currently no devices based on this material
with efficiency greater than 27.6% (figure 3). Plus, the active region of any photovoltaic device is just a thin

layer on the surface [9].

Lexcitons
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Figure 3: Reported timeline of research solar cell energy conversion efficiencies since 1976. Retrieved
from [12].

Two-dimensional materials along with photonic structures can be a viable add-on to existent technology,
as its dimensions will not affect the device’s footprint, increasing the overall efficiency of the final device.
Plus, their thermoelectric properties will not play a role in overheating effects [13]. In the middle term
beyond the final scope of this project, it is intended to develop a two-dimensional material (2DM) integration
in a cost-effective way into large areas of bioinspired nano-architecture to provide better photovoltaic effects
on the 2DM.

1.2 State of The Art

The project in its entirety has extremely recent theoretical foundations. Despite being scientifically well
established, all topics covered date back to investigations carried out in the past decade. The gathering of
these topics leads to the vanguard in photonic and optoelectronic device development.

1.2.1 Two-dimensional Materials for Optoelectronic Applications

The use of 2DMs for optoelectronic applications, as mentioned above, is one of the most promising re-
search fields at the moment. They have unique electronic and optical properties due to their quantum-
mechanical confinement [14].

One strategy for developing a high-efficiency optoelectronic device is to increase the light absorption
of these materials. For this purpose, the most investigated 2DMs are graphene and Transition Metal
Dichalcogenide monolayer (TMDCm)s.
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1.2.1.1 Graphene

Graphene is an allotrope of carbon (C) consisting of a single layer of sp? bonded atoms arranged in a
two-dimensional honeycomb lattice with a = 2.46 A. [15]. Its sp2-hybridization causes a trigonal planar
molecular geometry [16]. Each carbon atom at the corners has four bonds: one o-bond with each of the
three neighbors and one 7-bond oriented in the out-of-plane direction. The o-bonds have the length of ~
1.42 A.

Graphene has one of the highest theoretical specific surface area (SSA) (~ 2630 m?/g), leading to a
huge area of interaction [17]. Monolayer graphene is a highly flexible material in the out-of-plane direction
because of its dimensional shape. However, in the lattice plane it is reported to have a Young’s modulus
E ~ 1 TPa [18], almost as much as its allotrope diamond (1.22 TPa) [19], the stiffest material known.
Moreover, graphene can reach a charge carrier mobility v, of 5 x 10* cm? V! 571 [20], having higher
electrical conductivity than room-temperature metals such as gold, silver, or copper [21]. Regarding this,
graphene has a sheet resistance Ry ~ 10% Q [22]. Plus, its experimental thermal conductivity k € [4840
, 5300] W m~ K~! [23], much higher than silver's (429 W m~! K1) [24], the election material for
heat dissipation in electronic applications.

1.2.1.2 Transition Metal Dichalcogenide monolayers

TMDCms with hexagonal allotropy are the semiconductor analogs of graphene. They are atomically thin
semiconductors of the type MX,, with M being a transition-metal atom, e.g. molybdenum (Mo), tantalum
(Ta), or tungsten (W), and X a chalcogen? atom such as sulfur (S), selenium (Se), or tellurium (Te). Although
they are considered monolayers, structurally these materials consist of one layer of transition-metals in
the middle of two layers of chalcogens [25].

In table 1 follows noticeable experimental quantities regarding mechanical, electronic and thermal
properties of the most studied hexagonal TMDCms.

Table 1: Noticeable experimental quantities of hexagonal TMDCms.

h-TMDCms a, ¢ (A) SSA (m? g71) E (GPa) Ve cm?V71s™) kWmtKY
MoS2 3.17, 5.48 [26] 27.82 [27] 100.99 [28] >200 [29] 34.5 [30]
MoSe2  3.29, 12.89 [31] 96.9 [32] 350 [33] 50 [29] 54 [30]
Ws2 3.16, 12.35 [34] 160 [35] 302.4 [36] 0.2 [29] 32 [30]

2chemical element from group 16 of the periodic table
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1.2.2 Light-Matter Interaction Enhancement on 2D Materials

TMDCms strong light-matter interactions can be contrasted with the low light absorption and photorespon-
sivity of graphene due to the absence of a band gap in the latter [14]. As shown in figure 4, graphene in
its undoped state absorbs ~ 2.3% of the incident light within the VIS+NIR spectrum “as a result of direct
electron—hole pair transitions between its lower occupied Dirac cones and the upper unoccupied cones

(two inequivalent ones in every Brillouin zone)” [37].

—+—MoSe2
——MoS2 -6
et 304 —— S 2
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Figure 4. Theoretical absorbance of three

TMDC monolayers and graphene, over-
lapped with incident AM1.5G solar flux in
the VIS spectrum. Adapted from [14].
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Despite the low overall absorbance, a promising approach is doping these materials, as their band
structures allow more electron transitions between bands, meaning a single incidence of a light beam
would create more free charge carriers [38].

An alternative solution raises the absorption by increasing the region of the 2DM over which light
interacts, for example by coupling the 2DM to an optical cavity of high-quality factor, i.e., by trapping a

light beam for a long time near the material [37].

The use of optical cavities involves using metallic structures that influence the final device dimensions
and optical properties. Regarding this, it was found that graphene inside a microcavity (figure 5) of two
dielectric materials enclosed by two metallic mirrors with a spacing L = Acqiry/2 = A/2, with A being
the incident light wavelength, produces a maximum peak in photocurrent generation (figure 6). This is
because the dielectric stack length defines the cavity’s resonating wavelength which corresponds to the
transmission spectrum peak when white light is incident [39]. Light-matter interaction enhancement in
TMDCms is also possible using similar optical nano-architectures [40].



1.2. STATE OF THE ART

//2-cavity mode

White light,
laser field

Figure 5: Electrical schematic of a microcavities device. The thickness L of the dielectric stack between

the cavity mirrors determines the resonance wavelength Acgyiry Of the optical microcavity. Adapted from
[39].
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1.2.3 Wood’s Anomalies on Optical Diffraction Gratings

The photocurrent generation effect on graphene observed in figure 6 consists in increasing the region of
the 2DM over which light interacts with. However, these devices are usually difficult to fabricate, requiring
the use of metal layers that can be problematic if transparency is needed. Replicating a periodic superficial
corrugation®, could cause a similar effect as the two-mirror cavity of figure 5 due to Wood’s anomalies
[41].

Classically, light is thought of as straight-traveling particles, but when it passes close to a physical
barrier its wave properties are more noticeable, as it tends to curve around that barrier and spread out
[42]. “The definition of diffraction is the scattering of waves as they pass through or around an obstacle”
[43]. This effect happens when a light wave reflects or passes around a groove at an interface between
materials of different refractive indices or through a slit with an approximate size or smaller than A.

3also called diffraction grating
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Figure 7. Single-slit optical diffraction experiment. Retrieved from [43].

As shown in figure 7(a), a coherent light beam* emitted from point source S will have consistent
maxima and minima in space. After passing through the slit, light propagates radially into a screen,
showing then the multiple diffracted orders with consequent decreasing intensities. As noticed in figure
7(b), the diffraction orders are periodically spaced by sin(6), with 6 being the angle between normal
incidence and the first diffraction minimum. Furthermore, when A is much smaller than the aperture

width d, the wave simply travels onward in a straight line, just as it would if no slit existed:
A
in(0) = — 1.2
sin(0) 3 (1.2)

A diffraction grating is a multi-slit surface. The reflected/transmitted light wavefronts constructively inter-
fere to produce a diffraction pattern with intensities peaked in certain directions, depending on both d°
and A and based on the angle light is focused into the grating [44]:

mA = d(sin(6;) + sin(6,)) (1.3)

where 0; is the incident light's angle with the grating surface normal, 8, the diffracted light's angle with
the grating surface normal, and m € Z being the number of the diffraction order. The signal convention
associated with the grating theory is represented in figure 8. Macroscopically when diffracting white light,
this phenomenon appears as a periodic repetition of the scatter effect of light.

4with all photons with identical frequency and waveform
Salso referred to as A
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When light is focused into the grating on normal incidence 6; = 0°, thus sin(8;) = 0, which gives:
mA = d sin(6y) (1.4)

Wood'’s anomalies are observed in the light spectrum and resolved by optical diffraction gratings. “They
manifest themselves as rapid variations [...] in the intensity of the various diffracted spectral orders in
certain narrow frequency bands”. This phenomenon was termed ‘anomalies’ by R. W. Wood (1902) since
ordinary grating theory could not explain its appearance. Ordinary grating theory shows that incident light
diffracted depending on the angle of incidence and on its features’ dimensions, as shown in equation
(1.3). In reality, a part of incident photons with A ~ A couples to the nanostructure. The coupled photons
propagate and leave the nanostructure through other points. These photons promote variations in the
intensity of the diffracted light measured at those points [46]. With this, it is possible to couple exiting
photons with a 2DM above the grating, further increasing the region over which light interacts with it.

1.2.4 Reconfigurable and Programmable Nanostructures

The need for the fabrication of diffraction gratings capable of reproducing optical phenomena such as
Wood's anomalies without excessive optical losses has become a challenge. Furthermore, it is essential to
keep the possibility of controlling and setting up the period of these structures. This control over periodic
features at the nano and micrometer scales is required in most research areas, but reconfigurable surface
structures require complex lithographic processes with several masking and etching steps.

However, mechanical instabilities resulting from compressing a pre-stretched thin, rigid material film
— often referred to as skin layer, over an elastomer-based substrate, a new, more straightforward way of
creating variable scale surfaces with periodic corrugations has been discovered [47]. Growth-induced sur-
face instabilities are very common in nature (e.g., pumpkin skin, cerebral cortex), making their replication
a bioinspired process.
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Figure 9: Cross-section schematics of growth-induced surface instabilities: (i) Wrinkle, (ii) Crease, (iii)
Delaminated-buckle, (iv) Fold, (v) Period-double and (vi) Ridge. Adapted from [48].

The appearance of the specific structures from figure 9 through an exclusive dependence on the vari-
ation in the relationship between the materials’ Young's modulus pir/ s is noticed for ey > 0.35 (see
equation (2.1)). The decreasing of this value below €); = 0.30 promotes the appearance of periodic wrin-
kles logarithmic-dependant on that same relationship (figure 10). Furthermore, the normalized adhesion
energy I'/ (usHy) of the interface between materials also plays a crucial role in creating these structures
[48].

Figure 10: Theoretical 3D phase diagram of
the various surface instability patterns induced
by mismatch strains. Adapted from [48].

Sinusoidal wrinkled surfaces are found many times in nature, e.g., in the leaves of plants from the
genus Diplazium, as shown in figure 1, or in angiosperms as floral grating-like structures for strong optical
diffractive effects to enhance signaling to bees [49]. Both wavelength and amplitude can be designed
based on the materials properties of the system and applied strain, where

1/3
”f) (15)

A~ 2mh (—
3

10
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with h being the skin layer thickness, and yir and pg the Young's modulus of the skin layer and substrate

A

(1.6)

respectively. Nanowrinkles behave as diffraction gratings and have the same optical mode of a resonator
cavity as the one shown earlier (figure 5).

Fissures’ appearance in the skin layer can be suppressed using softer polymer-based materials. More-
over, these structures can be mechanically oriented after being manufactured at room temperature. This
adjustment consists in repeating the stretching process to force the texture to flatten and then stretch in

another direction [47].

1.2.5 Large-Area 2D Material Transfer

Transferring large areas of a 2DM must be a surgical procedure, especially onto soft and non-flat target
substrates such as periodic nanowrinkles. When synthesized by Chemical Vapor Deposition (CVD) on
donor substrates these materials are prone to damage during the transfer process to a target sample
with such dimensions. Material damage can be of various types, such as contamination, chemical dop-
ing, or tearing. All transfer processes are categorized into four main groups: wet, dry, mechanical, and
electrochemical transfers, as summarized by table 2).

Wet transfers are assisted by a poly(methyl methacrylate) (PMMA) support thin film - also known
as acrylic. This thin film is spin-coated on top of the 2DM protecting it from mechanical damage or
abrasion. The transfer method consists in scooping these sets of thin layers onto a stiff flat material, later
dipping it into another solution, and passing them from one container to another. After removing the donor
substrate, the PMMA/2DM floats in deionized water for rinsing residual etchant, later being scooped by a
target substrate. Then, the PMMA/2DM/target substrate is dipped in a solvent for removing the PMMA.
Wet transfers are the most common since they offer the highest protection against mechanical damage

and cover a wide range of different 2DMs.

2D material synthesis PMMA coating Do subsiate removal PMMAﬁz nﬂg‘-'afeﬂ&!
O D ey O | E—— O | S
Etchant | DI water |
Donor substrate
PMMA removal Transfer(scooping)

[ | © [
F=————" miecveem ) i

Figure 11: Schematic of conventional wet transfer process of 2DM using a PMMA support film. Retrieved
from [50].

11
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Dry transfers are based on the adhesion between the 2DM, a compliant layer, and the target substrate.
These adhesions are a consequence of Van der Waals forces between materials. To simplify, 2DM is
pressed onto a compliant layer coated on top of a supporting film. Then, the donor substrate should be
etched and rinsed in deionized water. The adhesion between the compliant layer and the 2DM should be
lower than the one between the target substrate and the latter. Pressing the supporting film/2DM into the
target sample and peeling it off will leave the 2DM on top of the desired sample. This process is suited
for large-scale transfers and offers the least polymer residue soiling. However, the 2DM is more prone to
damage with this transfer method than the wet.

) Attaching 2D material/donor substrate Donor substrate Transfer film/2D material
Preparation of transfer film onto a transfer film removal rinsing
Donor substrate/2D material
e =
e i o st B
Transfer(peeling-off) Attaching transfer film/2D material G
onto a target substrate Drying

?
= - =
_ Target substrate _

Figure 12: Schematic of the conventional dry transfer process of 2DM using a compliant layer coated onto
a supporting film. Retrieved from [50].

Mechanical transfers work with active thermoplastic or thermosetting adhesive materials. Thermoplas-
tics are coated onto the target sample and contact with the 2DM on the donor substrate at high temperature
and pressure, later the target/adhesive/2DM is peeled-off from the donor substrate at room temperature.
Thermosetting materials are coated onto the target sample and pressed into the 2DM on a donor substrate
in a viscous state and thermally cured to firmly adhere to the 2DM. Then, the target/cured adhesive/2DM
is delaminated from the donor substrate. Mechanical transfers have the limitation of depending on the
target sample shape.

The electrochemical transfer process — also known as the bubbling transfer process, is very similar to
the wet transfer. The significant difference is that the 2DM is delaminated from the donor substrate using
hydrogen bubbles generated at its interface by a reduction reaction of an aqueous solution according to
the voltage applied between an anode and the donor substrate (cathode). After this, the PMMA/2DM layer
emerges in the aqueous solution, later being scooped in the same way that wet transfers. Electrochemical
transfers are known for being the quickest, allowing the recycling of the donor substrate. However, during
this transfer the 2DM have the most risk of mechanical damaging [50].

12
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Figure 14: Schematic of the electrochemical
transfer process with H, bubbles. Retrieved
from [50].

Anode

Figure 13: Schematic of the mechanical
transfer process using an adhesive. Retrieved
from [50].

Table 2: Representative transfer methods for 2DMs. Adapted from [50].

Method Material Advantages Limitations
Graphene Least mechanical damage Difficult to scale up
Wet Transfer
MoS, Wafer-size transfer Support polymer residue
Graphene Easy to scale up Mechanical damage
Dry Transfer
MoS, Less polymer residue (more than wet transfer)
Mechanical damages
Graphene Easy to scale up
Difficult to remove adhesive

Mechanical Transfer
MoS, Recycle of donor substrate
Dependant on sample shape

Can't scale up

Recycle of donor substrate Mechanical damage

Electrochemical Transfer Graphene
Quicker method (more than dry transfer)

Support polymer residues

Of all discussed processes, the most suitable to be used with the nanostructure fabrication technique
mentioned in section 1.2.4 appears to be the wet transfer method. This is because it provides the lowest

risk of mechanical damage to the 2DM at the expense of a smaller area.

1.3 Measurement Methods

Morphological analysis and optical characterization are critical steps to determine whether or not the
state of the nanostructure will influence the light-matter interaction with the 2DM. Following are all the
measurement methods and setups used during this dissertation, with a brief theoretical introduction.

13
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1.3.1 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is used to analyze the topography of samples at the micro and nanoscale.
The interaction between two materials at the atomic level is based on forces such as Van der Waals,
electrostatic, and magnetic, among others. When one of these materials is drawn in the form of a tip,
with a radius in the order of magnitude of an atom, fixed in a cantilever, it will deviate depending on
the attraction or repulsion between the tip and the sample. Traditionally, most AFM techniques use the
deflection of a LASER beam reflected in the rear of the cantilever over a matrix of photodetectors to calculate
the topography of the sample [51].

The equipment used was the BRUKER Dimension Icon AFM on Tapping mode, where “the sharp
probe tip is not scanned across the sample surface while in constant contact. Instead, the cantilever is
vibrated near its resonance frequency causing the tip to oscillate up and down. This means the probe
only comes into close contact with the surface intermittently”, using the cantilever oscillation amplitude to
detect tip-sample interaction changes [52]. All measurements are processed with the data visualization
and analysis software Gwyddion.

1.3.2 Fourier Imaging Setup

The full Fourier setup used is shown in figure 15. The entire setup was designed to operate in the VIS
spectrum. The lenses’ focal lengths are represented as arrow traces except for objective lenses, as they
are not considered thin lenses. The process starts by coupling light from a halogen lamp to a variable
diameter optical fiber: 25, 50, 105, or 400 pum. The fiber diameter will influence the size of the focused
spot on the sample. For this application the chosen size was 400 pum, covering as much area of the
sample as possible, improving the grating diffraction effect. An objective lens is used to collimate light
which is headed into the microscope cage — a Nikon Eclipse Ti2. In figure 15 the scheme is simplified,
since the light operates in the normal direction, creating a 3D system. Through a 50/50 beam splitter, the
light is normally focused into the sample and then headed into two irises. The first regulates real image
size and the second acts as a low-pass filter in the real space, thus having the same purpose as the first,
butin Fourier space. The polarizer is used to select the polarization of transmitted light. Through two more
beam splitters, light is directed to four different detectors: three charge-coupled device (CCD) cameras (A,
B, and C), a CCD camera (C) on a spectrograph inside a black box, and a spectrometer Cameras A and
B capture the image on the real and Fourier space respectively.

L¢ is used to translate the real plane to a 2f distance away to reach either one of the two last sensors
mentioned. With the flip mirror on, light is focused onto an optical fiber connected to the spectrometer.
Lowering the flip mirror, light is headed to the spectrograph, and thus to CCD camera (C), providing a 2D
array of sensors for wavelength reflection measurements with angular resolution. The spectrograph used
is the Acton SpectraPro SP-1250, the fiber-coupled spectrometer is the USB2000+ Spectrometer, and the
CCD camera (C) is a Qlmaging Retiga R6 USB3.0 Colour.

14
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Figure 15: Schematic of the full Fourier microscope setup used throughout the dissertation.

1.3.2.1 Angular Reflection Spectrophotometry

Angular spectrophotometry is the selected experimental technique for optical diffraction grating testing. It
consists of focusing a light beam on a sample’s surface and sensing the angle and wavelength-dependent
intensity of reflected light.

This measurement technique is only able to capture a wavelength range of ~35 nm at a time. For
wide-range measurements, a MATLAB script was used to couple the data from each of the intervals. Note
that the reflection measured (rsqmp1e) 0N the sensor must be normalized by one reference (r,. ) to obtain
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sample reflectance (R). As a reference, a silver mirror was used due to its unmatched reflective properties
in VIS spectrum [53]. In addition, it is necessary to consider the measurement noise (8), which is taken

with the spectrograph’s slit closed. Consequently, three measurements are required to obtain the result:

R= Fsample — 6 (1.7)
Tref — 0

The measurement exposure time must be maximized to the point where the reference begins to saturate.

1.3.2.2 Reflection Microspectrometry

Microspectrometry eliminates from captured light any angular information but allows quick measurements
with good resolution. A different configuration can also be used from the Fourier setup of figure 15,
where the fiber connecting to the spectrometer is moved to L;’s location to measure only the normal
reflection. The optical fiber used has a diameter of 200 um, narrow enough for quasi-normal reflection
measurements.

1.3.3 Optical Microscopy

Optical microscopy consists in focusing light onto a sample that, after being reflected or transmitted,
penetrates a lens system, magnifying the image up to 200X over the user’s retina or on a CCD camera
[54]. The equipment used was the optical microscope Nikon ECLIPSE LV100.

To measure A, the procedure developed in this dissertation consists in capturing an optical image at
four distinct spots of each of the samples. Each image is processed by ImageJ, applying a Fast Fourier
Transform. In textured images, the periodicity of the pattern is easily identifiable in Fourier space. Consid-
ering 60 nm/pixel as the obtained scale for the 40X lens for the setup used and mentioned in 1.3.2.1,
the points of greatest intensity in the Fourier space give the average period of the entire cropped section
of the captured image.

Figure 16: Cropped section from WD10.1  Figure 17: Fast Fourier Transform of figure 16.
Spotl. See appendix B.2. Pixel intensity as a function of frequency.
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1.3. MEASUREMENT METHODS

1.3.4 Raman’s Spectroscopy

Raman'’s spectroscopy allows composition analysis in a non-destructive way, providing detailed information
about the chemical structure, crystallinity, and molecular interactions with other materials. The incident
light interacts with molecular vibrations, phonons, and other excitations from the system, dispersing elastic
- Rayleigh's scattering, which is filtered by the spectroscopy system; and inelastic - Raman’s scattering.
This scattering changes the energy of the scattered photons [55]. This change, calculated in intensity
related to the incident photon, is measured as light scattering in the diffraction grating where the confocal
beam is focused after the sample reflection. This characterizes the system in terms of its vibrational modes
[56]. By comparing the spectrum obtained with references, it is possible to determine the purity of the
material, which will influence properties such as electronic or mechanical.

The equipment used was the WITEC alpha300 R Confocal, with an excitation line of 532 nm, at 1.5

mW of power, with a diffraction grating of 600 crm ™.

1.3.5 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a non-invasive method of topographic and composition analysis,
depending on the generated signal observed. SEM is capable of producing images with magnifications
up to 200 000x by scanning a focused electron beam on a sample [57]. Incident electrons interact with
sample atoms and various signals are produced, including secondary electrons, generated because of
their ionization. These electrons have very low energies, limiting their average free path in solid matter.
By this fact, they dissipate in the first manometers above the sample’s surface, being exclusively located
at the focus spot of the e-beam, enabling images with resolutions below 1 nm [58].

The energy with which the e-beam is accelerated influences the amount and type of signal created.
For topographic applications, low-voltage, with a working potential up to 4 kV, is the ideal mode, allowing
greater surface detail at the expense of greater noise in the image obtained [59]. Samples made of
dielectric materials accumulate charge when scanned by the e-beam, which can cause high noise and
image processing failures. To avoid this, all samples are covered by 10 nm of gold, and electrically
grounded with copper tape [60].

The equipment used was the FEI Helios NanoLab 450S DualBeam, in SEM - Secondary Electrons

mode.
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2

Photonic Nanostrutcture Fabrication

First step for the final device. Fabrication of the three-dimensional structure that will hold
the two-dimensional material and behave with the desired photonic properties.

As mentioned in section 1.1.3, the device behind the whole project should be a combination of a 3D
structure with a 2DM interacting by any means with a specific light spectrum. In addition, the nanostructure
holding the 2DM must have periodic features in the order of magnitude of the light's wavelength and be
transparent.

This chapter describes the fabrication process of the 3D structures that originate photonic properties
on the final device, serving as a workstation for the 2DM.

2.1 Design

The main motivation of the device is to work within the solar spectrum. Sunlight, despite being filtered
by successive layers of Earth’s atmosphere, reaches the planet’s surface at sea level with a wavelength
between 300 and 2500 nm, with a maximum spectral irradiance of 1.3 W m~2 nm™~! at 468 nm, which
corresponds to the central wavelength of blue-VIS light [61]. As evidenced by figure 18, from all this energy
coming from sunlight that reaches our eyes, 91.7% refers to the range between violet-VIS (380 nm) and
NIR (2500 nm) [62].

2.5
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= Sunlight without atmospheric absorption
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= Figure 18: Solar irradiance spectrum
e 5778K blackb )
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=1 .
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o
g 0.5} Atmospheric
= absorption bands
HO cq
0
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2.1. DESIGN

The fabrication process must cause a texturing in the nanostructure with a constant period, with the
order of magnitude within the typical spectrum of the incident light, therefore with periods of 380 to 2500
nm, as stated in 1.2.3.

The texturing of the substrate and skin layer, as described in 1.2.3, will be the cause of the light diffrac-
tion effect on the device, therefore improving the light-material interaction in the adjacent 2DM, e.g., via the
excitation from Wood's anomalies. In other words, the 3D structure must behave as a diffraction grating.
In addition to the structure’s periodicity, its morphology is crucial to proper functioning. Characteristics
such as the wavelength range affected, as well as its efficiency by diffraction order, i.e., the percentage
of scattered photons within the typical wavelength range by the total incident, are properties defined by
the periodic features shape [63]. These shapes can be of continuous morphologies such as sinusoidal,
or discontinuous such as binary, sawtooth, or triangular.

Diffraction gratings with discontinuous morphologies provide maximum efficiencies above 80%, at the
expense of a reduction of more than half the wavelength range for efficiencies above 40% [64]. However,
these gratings require complex photolithography processes for their fabrication, often only possible in

controlled cleanroom environments [65].

Taking advantage of surface instabilities phenomena in bilayer architectures resulting from compress-
ing forces reported in 1.2.4, it is possible to manufacture continuous morphology diffraction gratings in a
simple, fast and accurate way, avoiding all the inconvenience of time-consuming processes in a clean room
environment. From all the continuous morphologies mentioned, due to its simplicity sinusoidal design pro-
vides the best conditions for further morphological analysis and optical characterization. Furthermore, the
sinusoidal design allows larger room for maneuvering on control parameters, as shown in figure 10.

Figure 19: Cross-section sketch of the desired 3D nanostructure.

To sum up, the 3D nanostructure will have sinusoidal features! with A between 380 and 2500 nm,

as can be seen in figure 19.

Lalso referred to as nanowrinkles
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CHAPTER 2. PHOTONIC NANOSTRUTCTURE FABRICATION

2.1.1 Substrate Choice and Considerations

The substrate of the 3D structure is the device's bulk. One must be of an organic-based polymeric material.
This material should be transparent, i.e., to have a low refractive index and despicable absorption in the
operating spectrum. Plus, that material must have high elasticity, since it should resist high compressive or
tensile strains. To finalize, its Young’s modulus should be higher than the skin layer. The material chosen
for the substrate was poly(di-methylsiloxane) (PDMS). In addition, this material shows high thermal and
chemical stability, allowing the deposition of materials and surface treatments with too little structural
damage [66].

PDMS is a polymer chain that belongs to the organosilicon group, traditionally called silicones. The
monomer’s molecular structure corresponds to a central silicon (Si) atom, strongly bound to another
oxygen (O) with two weak bonds to two methyl groups (CHs), as observed in figure 20.

CHs

/

Si

O

CH,

Figure 20: Chemical structure of di-methylsiloxane.

In its fundamental state, this material is known to be viscoelastic, that is, it flows between the state
of a viscous liquid and an elastic solid depending on the temperature [67]. In addition, PDMS has a
refractive index n = 1.41, close enough to air, which provides low reflectance in the VIS spectrum [68],
and its surface is hydrophobic. Regarding health and safety hazards at work, PDMS does not provide any
risk of inflammation or toxicity, thus having high chemical stability. Furthermore, this material offers weak
intermolecular forces making it an elastomer, known to have reduced Young's modulus, and high shear
stress.

PDMS is rarely used in its fundamental state and is usually subjected to cross-linking processes.
Cross-linking is the addition of thermally activated resins that stiffen when absorbing heat. This addition
strengthens the weak bonds between polymer chains of the material, making it more rigid and cohesive,
but also improving its durability [69].

2.1.2 Skin Layer Definition and Tailoring

As shown in section 1.2.4, the skin layer is the rigid and thin layer on top of an elastic substrate that
generates surface instabilities. Since the device operates with optoelectronic phenomena, this material,
as in the case of the substrate, must be transparent in the region of interest, but also a good electrical
insulator. In addition, as mentioned above, its Young’s modulus should be substantially lower than PDMS’s.
The material chosen was the result of prolonged treatment of the PDMS'’s surface by oxygen plasma, which
is one of the most common techniques to achieve surface instabilities with this type of polymer [47].
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2.1. DESIGN

This material is not a simple compound, since it is the result of the chemical treatment of a poly-

mer chain. Still, this closely resembles silicon dioxide due to the Si O bonds formed on the sur-
face. Oxygen plasma acts by oxidizing the methyl groups and removing carbon, chemically altering the
di-methylsiloxane monomer (SiO(CHs),) into silanol (SiO(OH),) groups, leaving the polymer surface cov-
ered by hydroxyl (OH) groups, as observed in figure 21, providing an extremely hydrophilic state [70]. This

reaction leaves the structure chemically unstable.
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Figure 21: Effect of the oxygen plasma treatment on PDMS's surface. Retrieved from [71].

Since one of the main steps of the project is the transfer of materials onto the surface of the PDMS
treated by oxygen plasma, it is worth understanding its chemical properties after the treatment. Skin layer
aging triggers a reversible chemical reaction called silanol condensation, where unstable hydroxyl groups
react with each other, condensing in the form of water molecules (H,0), resulting in an inorganic silica-like
surface (SiOy), as evidenced by figure 22. The new surface is much more chemically stable [72]. As in
every condensation process, this reaction is catalyzed by low-pressure environments [73].

=si-oH * OH-SI= —— =gj-0-si= + M0

Figure 22: Condensation (from left to right) and hydrolysis (from right to left) reactions of silanol groups.

According to the intensity and duration of the plasma, the treatment will act on deeper layers of
the polymer, but due to hydrophilic hydroxyl, silanol groups will suffer consequent chemical migration
to the material interface, accelerating the condensation reaction. This reaction directly influences the
hydrophobicity of the skin layer’s surface, which has a logarithmic evolution from the moment of plasma
treatment with an inflection point close to 48 hours of exposure [74], as shown in figure 23. Surface
hydrophobicity does not completely characterize the skin layer, since the chemical migration of silanol
groups is not an immediate process.
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Figure 23: Advancing (m) and receding (O0) water-in-air contact angles as a function of aging time at 293

K. Retrieved from [74].

Figure 24 represents the process discussed above. The chemical structure of PDMS treated by the
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2.2. CONDITIONS AND PARAMETERS

2.2 Conditions and Parameters

To avoid unnecessary propagation of experimental errors and keep accurate results it is necessary keep-
ing constant manufacturing conditions. These conditions directly influence the parameters represented
generically in equations (1.5) and (1.6), which characterize the nanostructure’s morphology, as discussed
in section 1.2.1.

The skin layer’s thickness h is the most easily controllable parameter, depending exclusively on the
plasma treatment chamber conditions, including oxygen pressure, the number of purge cycles, plasma
exposure time, and, in some cases, samples’ position inside the chamber. Since measuring the thickness
of the skin layer after plasma treatment is an impractical task and often produces inaccurate results, the
best strategy is to keep all conditions constant and adjust only the exposure time if needed.

The Young's modulus of the skin layer is affected by the chemistry associated with the oxygen plasma
treatment as described in 2.1.2. In the case of the substrate the cross-linking ratio is the main element to
affect this property (see section 2.1.1). Particularly, the most usual cross-linking is made by a mixing ratio
between the elastomer base and the curing agent of 10:1 (M), offering stiffness but maintaining enough
elasticity for ey up to 40% [75]. These parameters are tuneable through the choice of materials used in
the manufacturing process.

As for €y it was used 20%, matching the point that generates wrinkles with maximum amplitude
without the appearance of fissures in the skin layer that could jeopardize the final device [47]. This is
another parameter not easily controllable considering the method used in 2.3. In addition, this parameter
would only influence A, which plays a role in the maximum efficiency of the diffraction grating, but not in
its wavelength range. For the latter, the main responsible is A.

2.3 Fabrication Method

Following is a list of the material and equipment used for the method discussed in this section:
e SYLGARD™ 184 Silicone Elastomer Kit (Base + Curing Agent);
e 1 ¢m conventional® binder paper clamps;
e 12 cm? plastic Petri box;

e 7.5 % 2.5 mm glass slides.

HARRICK PLASMA™ High Power Plasma Cleaner.

A portion of elastomer base and curing agent was poured into a goblet in the ratio of 10:1 (M). The mixture

was stirred with a glass rod for about 5 minutes. The mixture was then taken to the desiccator, making

2metallic
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purge cycles in order to remove air bubbles. It was dosed with 18 mL of mixture per Petri box so that
the substrate remained with a fixed thickness. The mixture was carefully deposited onto the box’s center,
leaving it to level on a flat surface. Subsequently, the boxes were taken to the oven 65 °C for 2 hours,
thus cross-linking the PDMS.

The next step was to cut the substrate inside each box in such a way that, using the length of the
glass slide as a guide, the pre-strain corresponds to the desired value, as shown in figure 25. Note that
the end of the substrate fastened by the first clamp should not be considered. Therefore, the percentage
of pre-stretch is given by:

f f
EM = ﬁLSZ
L: 1+ ey

L. -L L. +eyXc
J (2.1)

where L; = L] + ¢ corresponds to the initial length of the substrate and Ly = L} + ¢ to the final one, with

L} being the length of the glass blade and the c length of the first spring.

Assuming L} =75cm,c=1cmand ey= 0.2, this gives Ly ~6.4 cm. Cutting the substrate with the

glass slide width for easy stretching, the substrate strips will have the dimensions of 6.4x2.5 cm.

20% strain

m—)

Initial Final
clamp 5,5 cm clamp

Initial
clamp

54 cm

Figure 25: Substrate stretching diagram of the method used in section 2.3.

The substrate strip is placed on one end of the glass slide and fastened by a clamp. Then the strip is
stretched to the full length of the slide and fastened immediately by the second clamp. The batch is then
inserted into the plasma treatment chamber in oxygen mode.

Figure 26: Batch of 3 samples with fastened clamps
on both sides after PDMS pre-stretching. Each glass
slide was numbered from 1 to 3, meaning the placing
position inside the oxygen plasma chamber according
to figure 28.
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2.3. FABRICATION METHOD

The oxygen plasma treatment conditions should be kept constant. These conditions are the injected
oxygen pressure: Po, = 5%; the number of purge cycles: 3 oxygen cycles; the intensity of the RF
signal: HIGH; and the plasma up-time: 20 minutes. The choice of these parameters was made during
the calibration of the camera which can be consulted in figure 83. Batches of 3 sample types each are
manufactured. Plasma treatment is carried out simultaneously in the 3 samples, which are inserted into
the vacuum chamber in the same way as shown in figure 28.

15cm 12 cm

B Vacuum Chamber

B Petri Box

B Glass Slide
‘

Figure 27: HARRICK PLASMA™ high Figure 28: Aerial view of the plasma cleaner chamber of figure
power plasma cleaner used in this sec- 27 and sample type placement diagram. These types will be
tion’s fabrication method. The red color used throughout this project.

is a plasma of atmospheric air.

After treatment, the batch is left at rest in low vacuum for 72 hours, following the removal of the second
clamp fastened and gently retracting the substrate. The samples are cut at the edges where stretch forces
do not exist or are not well distributed. The resting time was selected after the analysis carried out in
section 2.3.1. Procedure and material pictures can be viewed in appendix A.1.

2.3.1 Calibration of Conditions

As in any process where reproducibility is desirable, the calibration of its respective conditions and pa-
rameters is necessary. The sample fabrication should consider the skin layer’'s aging process discussed
in section 2.1.2 since it influences the result of the wrinkles created. The stabilization of A is important
in reducing the disparity between measured points, as it's noticeable in 29(a) for higher resting times the
lower the standard deviation.

Batches of samples fabricated by the method described in section 2.3 were measured with the sta-
tistical procedure mentioned in 1.3.3, varying the resting time after plasma treatment, as well as their
pressure environment before the substrate unstretching. Resting in low-pressure environments (figure
29(b)) behaved as a catalyst for the condensation reaction mentioned in 2.1.2, reducing the time required
for that. These results are consistent with the data shown in figure 23, as the surface’s hydrophobicity
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increases and stabilizes over time. Experimentally, as shown in 29(a) the inflection point of the chemical
composition of the surface is perceptible after 72 hours. The vacuum is set to overextend this effect.
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Figure 29: Statistical analysis of fabrication method mentioned in section 2.3 with varying resting time
after oxygen plasma treatment. Samples 1, 2, and 3 correspond to the different sample position types as
shown in figure 28.

As shown in figure 29, consistency can be achieved for each sample position inside the chamber using
consistent fabrication parameters. A ~ 1000, 800 and 600 nm for type #1, #2, and #3 were obtained
respectively for the fabrication method mentioned in 2.3, with relative standard deviation of measured
spots %, of 1.57%, 1.62%, and 2.54% respectively, as shown in appendix B.3. The general outcome was a
lack of overall strength in the oxygen plasma. This is because the plasma chamber used does not have the
finesse required for thin film growth processes, as it is used for the preparation of hydrophobic surfaces
in polymeric materials.

Moreover, the oxygen plasma intensity distribution within the chamber was not uniform, with a vertical
gradient (y-direction) with decreasing intensities for positions further to the chamber door. This is expected
to produce a variation in the periodicity obtained as shown in figure 30 between sample types #1, #2, and
#3. Despite this variation, it is possible to obtain consistent results by selecting the same position within the
chamber systematically and varying the time of exposure, keeping the uniformity of the silica-like thickness
constant from sample to sample.

Plasma Intensity
Figure 30: Prediction of oxygen plasma

intensity distribution inside the vacuum B sone
chamber. Rectangles are the three sam- B Averae
ple types of one batch properly numbered. s Weak
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2.4. MORPHOLOGICAL ANALYSIS

It's also predictable the existence of a calibration curve for this fabrication method. Since the contin-
uous relation between the exposure time and the wrinkles period is not necessary for the current project,
it is possible to work only within a limited range of values, so the exposure time was kept at 20 minutes,
thus obtaining the three distinct A mentioned above.

2.4 Morphological Analysis

As discussed, the 3D nanostructure features’ dimensions and shape will influence the diffraction grating’s
performance. Morphological analysis is a crucial step in establishing the sample manufacturing process,
allowing to check the state of the features and, therefore, calibrating the fabrication conditions.

Following are optical microscope images of samples manufactured by the method described in section
2.3.

= _‘H""“-HH____

(a) 20x objective bright-field microscopy (BF) (b) 100x objective BF

Figure 31: Optical microscope images of a type #1 sample (larger A).

The oblique and perpendicular stripes to the nanowrinkles’ orientation are fissures® in the skin layer.
They are substrate stretching-direction oriented due to the high shear stress created during the clamp
release due to forces applied in other directions than the unstretching movement. Crack appearance is
more frequent on skin layers with brittle materials such as silica, as mentioned in section 1.2.4. For
objective magnifications of 20x (figures 31(a), 84(a), and 85(a)), larger A were barely visible. For 100x
maghnifications (figures 31(b), 84(b), and 85(b)) all samples had visible nanowrinkles.

The Raman spectrum from a flat PDMS sample was compared with one treated with oxygen plasma
with the conditions mentioned in 2.3 to investigate the influence of each of the fabrication steps on the
chemical composition of the material. All measurements obtained are present in appendix C.3.

3also called cracks

27



CHAPTER 2. PHOTONIC NANOSTRUTCTURE FABRICATION

2000 7]

1500 — PDMS ' |
] Q, plasma-treated PDMS ;

—
o]
o]
=
|

1400—f ‘ ;

Intensity (CCD cts.)

1200—: , ‘||
] i i i |

8004

T I I ; I T 1 1 1
0 400 800 1200 1600 2000 2400 2800 3200 3600
Wavenumber (cm™)

Figure 32: Raman spectra of oxygen plasma-treated and untreated PDMS. The integration time used was
2 s, with 10 acquisitions.

In figure 32 is noticed that all Raman peaks from untreated PDMS match the theoretical spectrum of
figure 102. Moreover, all peaks have the same intensity and wavenumber as in treated samples, showing

1 corresponding to the

a slight broadband increase in intensity with a maximum value near 400 cm™
addition of a low-intensity silica Raman spectrum to the plot. Fused silica’s Raman reference spectrum is
shown in figure 104.

Two batches of samples manufactured by the method described in 2.3 were measured at the AFM
to understand the state of the periodic features of the nanostructures in terms of their amplitude and

periodicity. All obtained results are present in appendix C.2.

Figure 33: AFM-measured 3D representation of a type #2 sample.

As shown in figure 33, AFM allows the visualization of 3D features with a high level of detail in an
orthographic projection.
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Figure 34: AFM-measured plots of samples of different types.

Type #3 sample shows reduced A, confirming its direct dependence on A, which is relatively lower,
as stated in equation (1.6). These data also explain the increased difficulty in measuring the period under
optical microscopy to values below 700 nm.
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Figure 35: Cross-section profile over plots from figure 34.

Figure 35 shows the cross-section profile measured on type #1 (35(a)), type #2 (35(b)), and type #3
(35(c)) samples, showing successfully fitted sinusoidal regressions with R? (equation (B.4)) of 85.94%,
78.76%, and 97.00% respectively. Profile lines used were 1 pixel wide.
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Table 3: Comparison between measured A at AFM and obtained microscope inspection-based average
A.

Sample A at AFM  Mic. based A  Relative error d,

WD7 type #1 ~ 997.00 1019.60 2.27%
WD7 type #2  794.54 818.14 2.97%
WD7 type #3  645.57 610.03 5.51%
WD2 type #1  754.03 721.11 4.37%
WD2 type #2  699.45 636.39 9.01%
WD2 type #3  480.77 516.49 7.42%

Furthermore, as evidenced in table 3, values obtained by statistical analysis for the two measured
batches have relative errors below 10% regarding the ones measured at AFM, showing the reliability of the
statistical processing of the measurements performed. WD is an arbitrary label, not sample properties-
related referring to batches fabricated by the method mentioned in 2.3, with varying resting time, and the
number of its fabrication.

SEM images of one batch manufactured by the method described in 2.3 were obtained to confirm the

morphological status of the materials. All results obtained are present in appendix C.4.

(a) 308x magnification, 10 kV (b) 4 334x magnification, 10 kV (c) 53 487x magnification, 10 kV

Figure 36: SEM images of type #1 sample from WD7. Directional sputtered gold coating.

Through figure 36 one observes the uniformity of the sinusoidal features of the fabricated nanostruc-
tures, both in terms of amplitude and period. It is noticed in 36(b) that cracks on the surface are due
exclusively to the skin layer since it is possible to observe the substrate inside the valley. The frequency
of their appearance will be greater the smaller the skin layer’s thickness. Since the gold coating applied
to the batch from figure 36 was carried out by a directional sputtering, gold was mostly deposited in the
depressions of the sinusoidal surface, giving the appearance of a flat surface with small periodic reliefs.
This in any way compromises the functioning of the nanostructure as a diffraction grating, since A is kept
constant.
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(@) 6 830x magnification, 10 kV (b) 27 917x magnification, 10 kV

Figure 37: SEM images of type #1 sample from RB8 (without transferred graphene). Diffuse sputtered
gold coating.

In the case of figure 37, the gold coating was performed by a diffusive sputtering, meaning a more
conformal particle deposition. In 37(a) and 37(b), the surface’s sinusoidal profile is more noticeable
compared to figure 36. Furthermore, in 37(b), a dry-terrain texture is noticeable on the surface of the
nanowrinkles' peaks and on the crack’s valley, which combines with the fragility of the skin layer’s silica-

like material.

2.5 Optical Characterization

The optical characterization of the 3D nanostructure is as important as its morphological analysis. While
morphological analysis indicates the state of the features of the diffraction grating, optical characterization
confirms experimentally the results of the incidence or passage of light through the device.

The chosen materials in section 2.1 have very low reflectance in the VIS+NIR spectrum. Since the
goal is to confirm that the nanostructure behaves as an optical diffraction grating, measured samples were
coated with a 20 nm thin film of gold by sputter, thus improving the surface reflection in the light spectrum
of interest [76]. In this regard, measured samples in 2.4 were reused. All measurements were performed
with non-polarized light. Samples fabricated by the method mentioned in 2.3 were measured in the
spectrograph path of the Fourier setup (see section 1.3.2), hence by angular reflection spectrophotometry.
All results obtained are present in appendix C.5.
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Grating equation fitting: 850 nm

—— 84 =0" {normal diffraction}

Gl 40
‘-\ll’l,‘h\
J\
R
5 g g ’ '
= = = | g 4 y I :
30 204 !:" “”'ﬂwf’]"‘ "
el Mﬂ
15 104
1} o]

T T T T T T T T 1
450 B00 550 &00 G650 FO00 7S50 8OO BB0 @00

* fnmy)
(a) Type #2 sample, A = 815.01 nm (b) Sample reflectance from normal diffraction in 38(a)
Grating equation fitting: 1000 nm Grating equation fittings 700 nm

. {nrm}
{
. {nrm}

0

(c) Type #1 sample, A = 1006.82 nm (d) Type #3 sample, A = 657.61 nm

Figure 38: Angular reflectance plots of samples fabricated by the method described in 2.3. Reflectance
color map (from blue to yellow) as a function of angle of reflection and A. The black, red, and green solid
lines correspond to the arranged diffraction orders m = 1, m = 2, and m = 3 respectively, plotted using
equation (1.4). The dashed lines match the reentry of light.

Measurements show a dip in reflectance corresponding to the grating’s first order of diffraction. This
gap is due to the performed measurement, which measures the light reflected from the sample’s surface,
corresponding to the amount of diffracted light from the incident beam, according to the equation (1.3).
If the measurement analyzed transmission instead, the angular reference would change according to the
convention from figure 8. The result would be an angle-independent reflectance increase centered on the
normal axis (8 = 0°) with maximum intensity, coincident with the transmitted light through the device.
Reflectance gaps matching the dips in figure 38 of high intensity would also appear, corresponding to the
respective orders of the light diffracted by the nanowrinkles.

Up to 3 orders of diffraction are expected from the theoretical plotting due to the nanowrinkles’ larger
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2.5. OPTICAL CHARACTERIZATION

A. The existence of a second diffraction order is barely perceptible due to a slight color gradient inside
the first diffraction order band on samples 38(a) and 38(c). This effect is complemented by the surface
irregularity discussed in section 2.4. 38(b) shows the reflectance dependence on incident light's A from
normal diffraction (6,) for the measured sample on 38(a). The dip in reflectance on sample 38(d) is barely
noticeable even for the first order due to its reduced A, which influences the diffraction grating efficiency,
as discussed in section 2.1. All measurements have a general decrease in reflectance at A < 500 nm.

This phenomenon is due to the increase in light absorption of gold for this wavelength range [76].
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3

Integration of the Two-dimensional Material

Last step for the final device. Transfer methodology of the two-dimensional material onto
the photonic nanostructure and further characterization.

This chapter describes the transfer process of the 2DM to the surface of the photonic nanostructure,
whose manufacturing process was developed in chapter 2, briefly analyzing the morphological and optical
properties of the set.

3.1 Graphene as an Optoelectronic Material

As described in 1.2.1, there are several options for two-dimensional materials with optoelectronic properties
consonant for the device. Graphene is the 2DM with the best electronic properties, comparing table
(TMDCms) quantities with those referred to in 1.2.1.1. In addition, it provides a high thermal dissipation
that avoids unnecessary overheating effects and has the largest SSA - a relevant factor in the device’s
working principle, as mentioned in section 1.2.2. Figure 4 shows the lower light absorption in the VIS
spectrum of graphene relative to the most studied TMDCms. This is not a disadvantage since one of the
main motivations of the device is to be transparent in this range. Furthermore, its growth processes are
currently better established and well-developed, providing better reproducibility, and allowing leeway for
any transfer plan change with minimal impact [77].

Particularly, the graphene used will be synthesized through a process based on CVD. This method
emerged as one of the most promising for implementing this material in organic photovoltaic cells as
transparent and flexible conductors, promoting unique properties in optical and electronic terms due to
its high-quality synthesis on a large-scale with good uniformity [78]. Graphene is deposited through the
reaction of reactor gases at low-pressure and high-temperature environments. Catalytic metallic substrates
such as copper (Cu) are used to help decompose the precursor molecule, usually methane (CH,), and
assist the 2D growth. Then the graphene is coated with PMMA by spin coating, making it strong enough
to be transferred to another substrate without damaging the material [79].
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3.2. GRAPHENE INTEGRATION METHODOLOGY

3.2 Graphene Integration Methodology

The type of transfer performed influences the final quality of the 2DM, from electronic to optical properties,
and should be chosen depending on its type of manufacturing process, dimensions, and shape. In this
case, the transfer process should avoid damage to the photonic nanostructure projected in chapter 2. The
transfer should allow the use of graphene on the device, providing the least mechanical damage possible,
since maximum surface continuity is desired, considering the operating principle mentioned in 1.2.2.

Wet transfers offer the lowest risk of mechanical damage to the 2DM at the expense of higher surface
residual dirtiness due to PMMA support layers. This type of transfer is limited to not extensive areas, being
difficult to scale up, as indicated in table 2 with a 95% chance of transferring a perfect monolayer [80].
Due to the samples’ voluminous shape during the stretching step in the standard process developed in
chapter 2, the wet transfer of graphene grown by CVD in a copper substrate is the most fitting procedure.

“Maintaining conformal contact between graphene and polymer substrates is advantageous for con-
trolling the feature size and orientation of textured graphene in spatially defined regions’ [81]. For this,
graphene must be transferred to the substrate before making the nanowrinkles, i.e., in the unclamping
step of the PDMS substrate. In summary, the experimental method is based on stretching a PDMS sub-
strate, followed by an oxygen-plasma treatment of its surface, thus creating a thin silica-like layer on top,
as discussed in section 2.3. The graphene is then transferred onto the surface by a wet method, and
finally, the sample is released, producing the intended nanostructure with corrugated graphene, as shown
in figure 39.

Oxygen-plasma
treatment

Pre-strained PDMS —

Graphene wet transfer l
ene

-— Graph
Release

Figure 39: Summary diagram of the complete fabrication procedure of the device. Adapted from [81].

The graphene transfer method, as well as the material and used equipment, is described step by step
in appendix A.2, duly illustrated.

Batches of samples fabricated by this method were measured in zones with transferred graphene with
the procedure mentioned in 1.3.3.
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Figure 40: Statistical analysis of fabrication method mentioned in the current section.

Figure 40 shows measured A on different spots by the method mentioned in section 1.3.3 by sample
type. The achieved A are similar to those obtained for samples without graphene (~ 600, 800, and
1000 nm) with an error within the range of 2 standard deviations, which guarantees 95.44% statistical
confidence.

3.3 Surface Quality Control

As mentioned in appendix A.2, etching the PMMA support layer requires total immersion of the sample in
pure acetone is required for an overextended time of 2 straight hours. Acetone (C3HgO) is a weak PDMS
solvent as it has a swelling ratio of log;0S < 0.05. This is due to the weak polar contributions of both
PDMS as solute and acetone as solvent (dot 22 on figure 41), contrasting for example with methylene
chloride (CH,Cl,) (dot 16 on figure 41), whose polar contributions are strong, despite having the same
solubility parameter! 8,5, = 10 cal'/? em™3/2 [82)].

Tnumerical value that indicates the relative solvency behavior of a specific solvent
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Figure 41: Relationship between swelling ratio (S) (shown as log S) of PDMS in various solvents and
the solubility parameter () for these solvents. The solvents are numbered in order of decreasing swelling
ability (e.g., 1 has the most swelling ability and 38 has the least swelling ability). The dashed line indicates
the solubility parameter of PDMS (801, = 7.3 cal'/? cm™>/?). Retrieved from [82].

PMMA, like PDMS, is a solute with weak polar contributions [83] Its solvent compatibility is quite
similar to the latter, having so the same set of solvents.

Despite low solubility, exposure of PDMS in acetone for long intervals, such as the 2 hours required
to remove the PMMA support film, promotes reversible damage? to the lower interface and edges of the
substrate. The low dissolution rate causes a slight shrinkage of the substrate, breaking the fragile and
thin skin layer. This phenomenon causes cracks and tensile strains that generate surface instabilities,
giving rise to uncontrollable nanostructures by the same process referred to in section 1.2.4, which could
compromise the quality of graphene transferred at the top of the device.

To test the robustness of the appearance of surface disorders or fissures due to the transfer procedure,
three flat samples of PDMS treated by oxygen plasma under the conditions mentioned in 2.3 were submit-
ted to a pure acetone bath, at intervals of 15, 30, and 60 minutes until they totaled 2 hours, interspersed
by isopropy! alcohol (C3HgO) and deionized water rinsing and drying of 1 hour to investigate the effect of
the time of continuous exposure on the PDMS substrate.

2it returns to the initial state after long periods at rest
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(@) 15 minute intervals, DF (b) 30 minute intervals, DF (c) 60 minute intervals, BF

Figure 42: 4x objective images of flat PDMS treated by oxygen plasma after pure acetone bath with
different duration. All images taken are shown in appendix C.1.

As shown in figure 42(b)) and figure 42(c), the shrinkage effect of the substrate is visible for 30 and 60
minutes intervals respectively. Besides this deep cracks and uncontrolled surface instabilities appear at
the microscopic scale. For 15 minutes intervals, the substrate remained stable, exhibiting shallow cracks
with the absence of uncontrolled surface instabilities.

3.4 Morphological Analysis

Following are images from samples manufactured by the process mentioned in section 3.2 in spots with
and without transferred graphene. These samples were overexposed to oxygen plasma during their man-

ufacture, thus giving higher A to ease the analysis under an optical microscope. All taken images are in

the appendix C.1.

(@) Spot without transferred graphene (b) Spot with transferred graphene

Figure 43: Type #2 sample fabricated by the process mentioned in the section 3.2, with 30 minutes of
oxygen-plasma treatment.

A higher number of cracks is noticeable in spots with graphene, maintaining consistency in terms of
A and A, after comparing figures 43(a) and 43(b).
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3.4. MORPHOLOGICAL ANALYSIS

The Raman spectrum was collected from four different flat samples: graphene on glass, graphene
on untreated PDMS, graphene on oxygen plasma-treated PDMS without resting time3, and graphene on
oxygen plasma-treated PDMS with 72 hours of resting time to verify the impact of each substrate type on
the quality of the transfer. All results obtained are present in appendix C.3.
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Figure 44: Raman analysis of graphene transferred onto different substrates. (i) the substrate is glass
(SiO,). (ii) the substrate is untreated PDMS. (iii) the substrate is oxygen plasma-treated PDMS with
no resting time afterwards. (iv) the substrate is oxygen plasma-treated PDMS with 72h resting time.
The Raman spectrum was collected on each colored cross. The integration time used was 1 s, with 10
acquisitions.

3time interval counting right after oxygen plasma treatment
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Graphene was successfully transferred onto any kind of substrate from figure 44 since it does not
show structural damage, as every Raman spectrum collected at zones identified as graphene exhibits
well-defined G and 2D peaks.

In addition, a graphical analysis of G and 2D Raman graphene bands was performed to evaluate
graphene quality. The ratio between 2D and G band peaks, I,p/Ig, as well as the G band peak center
wavenumber k¢ are the main characterizing elements. The first element should be equal to 2 for graphene
monolayers [84]. The latter approximates the number of graphene layers through the following equation
[85]:

11
kG = 1581.6 + m (3.1)

Table 4: Graphical analysis of G and 2D Raman band peaks of graphene transferred onto different types
of substrates. (i), substrate is glass (SiO,). (ii), substrate is untreated PDMS. (iii), substrate is oxygen
plasma-treated PDMS with no resting time afterwards. (iv), substrate is oxygen plasma-treated PDMS with
72h of resting time.

Substrate L/l kg (cm™') n:eq. (3.1)

(i) 260  1592.55 1
(ii) 225  1660.60 1
(iii) 271 1600.59 1
(iv) 249  1600.59 1

Table 4 shows the mentioned values nearly expected for a graphene monolayer in all substrate types.

However, for PDMS substrates treated either with or without resting time, high 2DM shattering is
noticed due to the phenomenon triggered by the acetone dissolution of PDMS discussed in section 3.3
and by substrate unstretching procedure. This skin layer’s shattering causes graphene rupture, as the
absence of typical G and 2D Raman bands is noticed in measurements carried out on spots within cracks,
as shown in figure 45. A similar effect is observed on untreated PDMS substrates. Furthermore, the skin
layer chemical structure discussed in section 2.1.2 does not seem to influence graphene’s quality, as no
difference is noticed in Raman spectra measured between substrates (iii) and (iv).

40



3.4. MORPHOLOGICAL ANALYSIS

(a) Raman'’s spectrum collected spots (colored crosses).
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(b) Collected Raman’s spectra. Integration time of 1s, 10 acquisitions.

Figure 45: Raman analysis of graphene transferred onto (iii) oxygen plasma-treated PDMS with no resting
time afterwards. Red, blue, and pink crosses are collected spectra on spots off-cracks. Green and sky
blue crosses are collected spectra on cracks. Cracks are = 1 ym wide.

One batch of samples manufactured by the method described in 3.2 was measured at AFM to under-
stand the state of the nanowrinkles’ periodic features concerning their amplitude and periodicity on spots
with and without graphene. All obtained results are present in appendix C.2.

0.14 pm
0.00 ym

Figure 46: AFM-measured 3D representation of a type #3 sample with transferred graphene.
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Figure 47: AFM-measured plots of samples with transferred graphene.

Figure 47 shows that consistency in A remains in zones with transferred graphene. Moreover, a de-
crease in A is noticed when compared to samples without transferred graphene (figure 34). This decrease

is due to polymeric residues from the PMMA etching step and lack of adhesion from graphene onto the
skin layer surface.
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Figure 48: Cross-section profile over plots from figure 47.

Figure 48 shows the cross-section profile measured on type #1 (48(a)), type #2 (48(b)), and type #3
samples (48(c)), showing successfully fitted sinusoidal regressions with R? (equation (B.4)) of 80.41%,
62.60%, and 43.32% respectively. Profile lines used were 1 pixel wide. These values show the increased

difficulty in corrugating graphene with a good sinusoidal trace, after comparing with the results obtained
in section 2.4 in the same type of analysis.
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3.5. OPTICAL CHARACTERIZATION

Table 5: Comparison between measured A of samples with graphene at AFM and obtained microscope
inspection-based average A.

Sample A at AFM  Mic. based A  Relative error d,

RB6 type #1  993.18 1013.06 2.00%
RB6 type #2  913.73 833.99 8.73%
RB6 type #3  605.84 634.94 4.80%

As shown in table 5, values obtained by statistical analysis for the measured batch still have relative
errors below 10% regarding the ones measured at AFM. RB is an arbitrary label, not sample properties-
related referring to batches fabricated by the method mentioned in 3.2 and the number of its fabrication.

3.5 Optical Characterization

A type #1 sample fabricated by the method mentioned in 3.2 was measured in the spectrograph path of

the Fourier setup (see section 1.3.2), hence by angular reflection spectrophotometry.

Grating equation fitting: 1050 nm

A (nm)
R (%)
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Figure 49: Angular reflectance plot of a type # 1 sample, A = 980.32 nm. Reflectance color map (from
blue to yellow) as a function of angle of reflection and A. The black, red, and green solid lines correspond
to the arranged diffraction orders m = 1, m = 2, and m = 3 respectively, plotted using equation (1.4).
The dashed lines match the reentry of light.

After saturating the reflectance color map? from figure 49, the borders between dips in the reflectance
show the presence of the first (black), second (red), and third (green) orders of diffraction of the grating.
The broad intensity band in reflectance centered at normal reflection (6; = 0°) is due to the saturation of
the color map but also to the back reflectance inherent to the used lens (40x). Therefore, this could not

4achieved by reducing the maximum value on the color scale to very low values
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have been removed. Furthermore, it was shown the possibility of obtaining wrinkled surfaces with optical

grade quality even after integrating graphene by a wet transfer method.
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4

Optoelectronic Wrinkled Graphene

Device preparation for electric current induction and optoelectronic tuning according to

nanostructure’s features.

Finally, electrical contacts are added to the system. This chapter characterizes the device developed
in the previous in terms of its optoelectronic properties, as suggested in section 1.2.1. First, the hurdles to
obtain conductivity over large-area graphene on wrinkled PDMS treated by oxygen plasma are described.
Then, possible solutions will be identified, presenting successful results of conductance on the system.

4.1 Electrical Contacts

The integration of electrical contacts is crucial in the final device’s development, allowing the flow of current
to the device from a power supply or battery, an important step in any process of electronic analysis of
systems. The electronic performance of graphene will influence the result of the measurements made in
this chapter. With this, it is important to take into account the effect of nanostructuring on this material.
Particularly, wrinkled monolayers are known to cause an increase in graphene conductivity [86].

4.1.1 Conductive Silver Ink

The first attempt at implementing electrical contacts was using conductive silver ink. This technique
allows the creation of contact zones for electrical probes with graphene without mechanical damage.
Nevertheless, the distance between contacts has a resolution limit that doesn’t go lower than the order of
magnitude of one millimeter, depending on the user, since it is a manual procedure.

RS PRO™ Conductive Silver Ink was used. Conductive ink was gradually deposited, using a volumetric
pipette, at a volume of 50 uL at each pipetting. The layout of the deposit is presented in figure 50. The
sample was then left to dry out at room temperature for 24 hours, avoiding the use of ovens at high
temperatures. The low thermal conductivity of PDMS prevents the rapid dissipation of heat, creating a
high thermal gradient, which leads to faster drying of the silver paint at its ends, causing its separation
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from graphene. However, when using higher thermal conductivity substrates such as glass (SiO,) the
same does not happen, and ovens can speed up the process. Appendix A.3 shows images of the method
and some results in samples manufactured by the process described in section 3.2.

Substrate

Figure 50: Conductive silver ink contacts implementation and con- Figure 51:  Conductive silver
ductance test schematic ink contacts implementation on
graphene on glass.

Flat samples of different substrates were tested to verify their influence on transferred graphene quality.
Table 6 shows the influence of the appearance of cracks in the substrate on graphene conductance. The
consequent breakage of the transferred graphene, as shown in figure 45, prevents electric current from
flowing, which is noticed in the infinite resistance measured by the implementation of electrical contacts
in figure 50. In conclusion, the graphene rupture makes macroscopic-scale contacts impracticable, as it
is necessary to implement them in a more localized way.

Table 6: Table of graphene conduction test results on flat substrates. The experiment schematic is shown
in figure 50.

Substrate Type Cracks Appearance Ry aphene

Glass (SiO,) X ~1kQ
Untreated PDMS v —
Treated PDMS (no delay) ve -
Treated PDMS (72h delay) v -

4.1.2 Gold Sputtering

Since conductive silver ink did not deliver the needed performance, more accurate methodologies for
implementing contacts were chased. Following was the implementation of gold contacts through a sput-
tering chamber, using a LASER-inscribed poly(ethylene) terephthalate shadow mask with the layout shown
in figure 52.
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Gold is a metal with weak interactions with non-metallic surfaces [87]. The insertion of electric needles
in simple contacts of pure gold would cause detachment and graphene’s mechanical damage. In sputtering
applications, it is common to grow an additional thin adhesion layer made of a robust gold-bonding metal at
the interface between these materials, such as palladium (Pd), copper (Cu), nickel (Ni), or chromium (Cr).
The adhesion layer strengthens electronic bonds between the substrate and the contacts [88]. Copper (Cu)
and nickel (Ni), also used as native substrate metals for graphene growth processes, are ideal candidates
for this end [89].

Two masks of different contact distances were fixated onto each sample, sputtering a 5 nm-thick
copper adhesion layer followed by a 15 nm-thick thin film of gold. Since the position of the cracks is
random and mostly with orientation perpendicular to the wrinkles’ orientation and distanced by values in
the order of one micrometer, this method consists in implementing contact distance with equal or lesser
resolution limit, allowing current to flow in continuous areas of graphene in the samples. The contact

distances in figure 52 were chosen according to measured areas in images shown in chapter 2.

Figure 52: LASER-inscribed poly(ethylene) terephtha- Figure 53: Samples with a shadow mask,
late shadow mask layout. tapped to a silicon wafer right after sput-

tering.

Two samples manufactured by the method mentioned in section 3.2 were analyzed under an optical
microscope to check if continuous areas were obtained between deposited contacts. These samples were
overexposed to oxygen plasma during manufacture, thus giving higher A to ease the analysis under the

optical microscope. Additional images from these samples follow in appendix C.1.

Figure 54: 20x objective image of sample fabricated
by the method mentioned in section 3.2 with contact
distance of 1 mm. The bright zone is a corner of one
sputtered gold contact. The coordinate system is the
same as figure 28.
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Figure 54 shows that for distances between contacts of 1 mm, graphene continuity between contacts
is not achievable. As mentioned in section 2.4, cracks appear mostly with perpendicular orientation to
the stretching direction, and the continuous graphene areas merge before reaching the second contact
anywhere. Furthermore, the sputtered layers, specifically the copper adhesion layer, and the gold layer,
are noticeable through a slight gradient at the edges of the electrical contact. This effect is due to the
greater diffusion of copper relative to gold as a sputtered material.

’1a|;}' uh

(a) 20x objective (b) 50x objective

Figure 55: Images of a sample fabricated by the method mentioned in section 3.2 with contact distance
of 200 um in the stretching direction. Bright zones are sputtered gold contacts. Green, red, and yellow
highlighted zones are continuous graphene areas from one contact to another (blue zones). The coordinate
system is the same from figure 28.

In contact distances of 200 um continuous areas between contacts were obtained, as shown in figure
55. Even so, despite being conductive and frequent throughout the sample, these areas do not have the
necessary shape and size to form a graphene square, therefore maintaining the resistance value mentioned
in section 1.2.1.1. Furthermore, continuous graphene areas longer than a few tens of micrometers between
electrical contacts only appear in the substrate’s stretching direction, since cracks appear similarly. In
figure 56 it is noticed the absence of these areas from one contact to another.

Figure 56: 20X objective image of a sample fabri-
cated by the method mentioned in section 3.2 with
contact distance of 200 um perpendicular to the
stretching direction. Bright zones are sputtered gold
contacts. Arrow represents the distance between
gold-sputtered contacts. The coordinate system is
the same as figure 28.

In between uniform areas, the device should behave as expected, and therefore with contacts with the
right orientation optoelectronic properties could be properly inspected.
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4.2 Electronic Inspection

The best way to confirm the proper functioning of the final device is to test the direct current (DC) con-
ductivity of the 2DM between implemented contacts. For the device to be efficient and stable, its intrinsic
properties must remain constant, independently from the flowing current. Ohm'’s law shows that the re-
sistance R is exclusively dependent on physical properties associated with the device, such that there is a
direct dependence defined by this quantity between the applied voltage V' and the injected current I [90]:

1%
R =

7 (4.1)

This experiment searches for linear variations of the induced current as a function of the applied voltage
and defines the value of graphene’s resistance R between contacts through equation (4.1).

Gold Contact

Electric [
Terminal + EWETTT an

Substrate

Figure 57: Electrical needle probes for 2DMs setup
schematic. The coordinate system is the same as figure
28. Skin layer cracks preventing graphene performance
are expected along the y-direction.

Figure 58: Picture of the electrical nee-
dle probes setup, represented by the
schematic of figure 57.

Figure 57 shows the schematic of the experiment, where a voltage is applied between two terminals
through metallic needles that gently touch the gold surface of each electrical contact. The voltage was
symmetrically swept to test both directions of conduction, measuring the current flowing from one contact
to another.
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Figure 59: Current-voltage characteristics of a sample fabricated by the method mentioned in 3.2 on each
pair of contacts numbered, according to figure 57.

As shown in figure 59, the characteristic curves between side-by-side contacts in the substrate stretch-
ing direction (1,2 and 2,4) have perfect linearity, as R? = 1 (equation (B.4)). Between contacts 1 and 2,
R =4 kQ was calculated, an order of magnitude above the value mentioned in 1.2.1.1. Between contacts
3and 4, R = 44 kQ, two orders of magnitude above this value. These deviations depend on the state of
the measured graphene monolayer. In this case, higher graphene shattering raises the measured value,
as less area through which the electrons can circulate is available. The current flowing between vertically
oriented contacts (1,3 and 2,4) remained residual for any applied voltage due to the lack of connection

between contacts with continuous graphene areas, as explained by the phenomenon reported in figure
56.
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General Conclusions

Artificially synthesized 2DMs are one of the building blocks of future optoelectronic devices due to their
unique optical, electronic, and mechanical properties. Plus, they can be introduced in devices without
affecting their final footprint. On the other hand, nature shows numerous forms and types of mechanisms
for obtaining and converting energy with high efficiency. In the research and development of novel opto-
electronic devices, one promising strategy is to focus on bioinspired phenomena, i.e., using nature as a
blueprint to obtain higher efficiency devices with quick and simple manufacturing processes.

In this project, a literature review was carried out to understand how it would be possible to use
2DMs as precursors of the increase in efficiency of conventional optoelectronic devices and what role had
inspiration in biological processes in the manufacture of nanostructures that would support this material.
In this case, the reproduction of nanowrinkles bioinspired in leaves of the genus Diplazium, or in epidermal
cells’ walls of angiosperms was studied, whose optical mode replicates devices based on microcavities to
improve light-matter interactions of an adjacent 2DM, specifically graphene.

The use of PDMS treated by oxygen plasma proved to be a simple and speedy strategy in the fabrication
of surface corrugations with sinusoidal geometry, capable of reproducing the optical mode of a diffraction
grating with the same design. This strategy provided an acceptable reproducibility, evidenced by the
relative standard deviation %, of 1.57%, 1.62%, and 2.54% in the three types of manufactured samples
respectively. The appearance of cracks in the skin layer was a phenomenon difficult to control after the
chosen material.

The use of graphene proved to be the best alternative due to the better-established synthesis process
relative to the most studied TMDCms. Its low absorption in the VIS+NIR spectrum was another reason for
its preference over alternatives. The transfer method performed on the target substrate showed good re-
producibility and reliability since the grating’s periodicity in areas with transferred graphene matched those
indicated for nanowrinkles without graphene. Furthermore, Raman spectral analysis in areas with trans-
ferred graphene showed G and 2D bands consonant with monolayers in good condition. In all samples,
cracks in the skin layer caused the rupture of transferred graphene.

This rupture inhibited electrical conduction on a macroscopic scale. On the other hand, cracks created
continuous zones in transferred graphene. The implementation of sputtered gold contacts with a distance
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between each other of 200 pum allowed the flow of electrical current, as these continuous zones, not thicker
than 100 um, connected side-by-side contacts within the substrate stretching direction. The resistance
measured in contacts between conductive zones of graphene showed values R ~ 10! — 10% kQ. These

results are in line with the value reported in 1.2.1.1.

5.1 Future Perspectives

The future of this project involves demonstrating optoelectronic properties of the final device. Photocur-
rent generation coincident with the optical mode of the device could be analyzed by electronic gating or
through local doping. Another important step is to maximize this phenomenon for a known incident light
wavelength. The device manufacturing methodology and the contact implementation process could be
tweaked to achieve this with higher precision.

Regarding the first point, the fabrication method of the nanostructure could be improved regarding
the stretching mechanism of the substrate. This is the main responsible for the appearance of cracks in
the skin layer that compromise the final device’s functioning. The stretching and release of the substrate
must have a high level of precision, particularly in applied strains perpendicular to the substrate’s stretching
direction. Even so, the mechanism would have to be nonconflicting with oxygen plasma and with graphene
transfer by a wet process. One promising strategy to prevent crack generation in the skin layer is to avoid
exposing the pre-stretched PDMS to acetone. Through an unconventional in-situ transfer technique, it is
possible to integrate graphene without the aid of a PMMA support layer, taking advantage of the dissolution
of the copper foil in sodium persulfate (Na,S,0g) [91]. The choice of the skin layer material is also a crucial
factor in creating surface instabilities and in the appearance of cracks. The use of a stiff enough material
relative to the substrate but with greater elasticity than silica (SiO,), such as carbon fluorides (CF,) [81],
would be a viable alternative in the manufacture without total or partial crack appearance.

Regarding the last point, electrical conduction could be achievable in more precise areas with contact
implementation with smaller distances than the ones used in section 4.1.2. More precisely, through lift-off
lithographic processes carried out in controlled cleanroom environments, despite being time-consuming,
metallic contacts distanced by less than 100 pm and highly located in continuous areas would be easily
reachable.
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\ A
Pictures and Protocols

This appendix shows images of material and equipment used or protocols performed extraordinarily on
the manufacturing and transfer methods covered throughout the dissertation.

A.1 Nanowrinkles’ Fabrication

Figure 60: Elastomer base/curing agent kit Figure 61: Conventional binder paper clamp

Figure 62: Cut PDMS strips on glass slides Figure 63: First fastened clamp on each sample

A.2 Graphene on Copper Wet Transfer Protocol

Attached is the protocol carried out to support laboratory users of the NAPS research group of the Interna-

tional Iberian Nanotechnology Laboratory on graphene transfers onto large-area samples by a wet method
basis.
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PROTOCOL

Step A [Time required 65 minutes]

Copper substrate removal

e Cut a piece of the supply material with the desired dimension. It's
fine to touch the material without a tweezer. Just make sure it stays
the most flat possible. [1] [2]

¢ Fill an aquarium with FeCls. [3]

e Put the cut piece into a FeCl; bath making sure it stays afloat with
the PMMA surface faced-up for 1 straight hour. [4]

Step B [Time required 35 minutes]

Distilled Water Surface Cleaning

¢ Fill another aquarium with distilled water.

¢ Scoop the graphene over a stiff flat material. It was used Si+SiO, due
to its high resistance to FeCl; and HCI corrosion and low reflectance
(dark), which leads to a better positioning when catching the sample.
[5]

e Gently dive the stiff material with the sample adhered onto distilled
water expecting the sample to stay afloat. Let it rest for at least 30
minutes. [6]

Step C [Time required 15 minutes]

Graphene Acid Purifying

o Fill the lab tub with a 2% HCI solutiuon. The tub makes it easier to
dispose the acid.

e Repeat the previous step but from the distilled water to a HCI 2% (V)
bath for a 10 minutes basis. The amount of exposure time depends
on the desired properties of the graphene. [7] (View in Notes)

Step D [Time required 5 minutes]

Transfer into the sample

e Once again, using the same catch and release technique of the
previous steps, pass the graphene from the HCI bath to a renewed
distilled water bath.

e Now, repeat the scooping technique but with the target sample
instead of the stiff flat material. [8]

o Let the sample naturally dry overnight tilted into lab paper. [9]

Step E [Time required 95 minutes]

PMMA removal

¢ Take the dried sample into an acetone bath for 90 minutes. That will
depend on the PMMA film thickness of the supply. The sample can
now sink in freely, the graphene should stay adhered to its surface.

e Take the sample out and rinse it with Isopropyl Alcohol and lastly
with distilled water. Let it dry out. [10]

A\

—
R N

“NAPS

4 Natural and Artificial Photonic Structures

Protocol purpose:

This protocol aims to guide the user in the wet trans-
fer process of Graphene grown on copper (Cu) with
acrylic support film (PMMA) to sample surfaces of dif-
ferent dimensions.

EQUIPMENT

2 Aquariums 1 LabTub 1 Goblet

Scissors  Tweezer  Lab Paper

CHEMICALS

FeCl;  H,O 2% HCI
C3HgO (Acetone)  C3HgO (IPA)

DANGERS

Chemical Exposure o0
Physical Injury

Environmental Harm 000
Fire Hazards o

Electrical Hazards

PROTECTIVE GEAR

Laboratory Coat = Gloves

Safety Goggles
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IMAGE APPENDIX

WARNINGS

A Corrosive Chemicals
HCI 2% (V) and FeCl; are corrosive
chemicals

6 Drippy Containers
The liquids might drip off the
aquariums if not handled carefully

NOTES

Take notice that in the original
Cu/Graphene/PMMA supply, the borders
DO NOT have any graphene since it was
where the duct tape was when depositing
the PMMA support layer on the
Cu/Graphene sample by spin-coating.
Those borders should then also be cut off.

The FeCl; used can be stored on its
aquarium for following transfers but remind
that it should be filtered in order to maintain
the most "variable-free" environment in the
whole process. Typically the filtering is done
after 5 transfers. The filtering should be
something simple using some lab fibre
diapers or even coffee filters.

The amount of exposure time of graphene
in HCl influences its current chemical
structure. For better optical properties,
thus, more neat graphene is achieved after a
higher exposure time since the acid will
attack external bonds with, for example,
remains of copper attached. On the other
hand, higher exposure times also mean
more carbon bonds damaged so the
structure will deteriorate over time leading
to less stability regarding mechanical and
electrical properties.

PEOPLE TO CONTACT

Martin Lopez-Garcia for NAPS lab access.
Francisca Guedes about chemicals usage.
Vitor Silva for graphene supply.




APPENDIX A. PICTURES AND PROTOCOLS

A.3 Optoelectronic Experiments

Figure 64: RS PRO™ Conductive Figure 65: Conductive Silver Figure 66: Test PET shadow mask

Silver Ink. Ink contact implementation on a with different inscribed layouts.
batch of samples manufactured Contact distances are 5, 1, and
by the method mentioned in 3.2. 0.2 mm, from top to bottom.

Figure 67: PET shadow mask Figure 68: Samples attached to a Figure 69: Light diffraction en-
placed on top of samples. hancement of sputtered gold con-
tacts on a sample manufactured
by the method mentioned in 3.2.

silicon wafer before sputtering.
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B

Statistical Analysis

B.1 Useful Equations

Arithmetic mean:

1
X==) x; (B.1)
n

Standard deviation:

1 N
0x = \| 77 2, (i~ ) 8.2)
i=1

Relative standard deviation:

%s = 2 % 100 (B.3)
X
Coefficient of determination:
N (. =2
2oy Ziolim ) ’f)z (B.4)
i:o(xi — Xi)
Relative error:
5= =% o 100 (B.5)
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APPENDIX B. STATISTICAL ANALYSIS

B.2 Raw Data

Figure 70: WB1.1 Spot 1, 40x Figure 71: WB2.1 Spot 1, 40x Figure 72: WB3.1 Spot 1, 40x
objective BF objective BF objective BF

Figure 73: WB4.1 Spot  Figure 74: WD2.1 Spot  Figure 75: WD3.1 Spot  Figure 76: WD5.1 Spot
1, 40x objective BF 1, 40x objective BF 1, 40x objective BF 1, 40x objective BF

Figure 77: WD7.1 Spot 1, 40x Figure 78: WDS8.1 Spot 1, 40x Figure 79: WD9.1 Spot 1, 40x
objective BF objective BF objective BF

Figure 80: WD10.1 Spot 1, 40x Figure 81: RB5.1 Spot 1, 40x Figure 82: RB6.1 Spot 1, 40x
objective BF objective DF objective BF

68



B.3. PROCESSED DATA

B.3 Processed Data
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Figure 83: First calibration attempt of the oxygen plasma up time. Oxygen pressure was not considered.

Table 7: Values of A obtained from batches fabricated by the method mentioned in 2.3 with no delay time

after plasma treatment (see appendix B.2) by the procedure shown in 1.3.3.

Wrinkles Batch 1 2
Sample Type 1 2 3 1 2 3
A1 (nm) 764.19 693.72 564.17 | 855.15 612.44 567.33
Ay (nm) 762.07 678.49 53599 | 753.88 651.26 626.55
A3 (nm) 764.16 645.45 54718 | 773.76 665.32 523.39
Ay (nm) 781.3 651.26 553.09 | 741.37 667.2 467.05
3 4
1 2 3 1 2 3
845.22 70398 523.39 | 781.3 65795 543.06
848.11 784.97 526.84 | 724.08 695.31 565.41
927.09 70756 588.06 | 803.98 663.92 544.34
900.03 707.56 565.41 | 775.3 686.92 535.99
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APPENDIX B. STATISTICAL ANALYSIS

Table 8: Statistical analysis of table 7.

Sample Type A 200 %o
1 800.06 116.51 7.28
2 679.58 76.80 5.65
3 54858 68.46 6.24

Table 9: Values of A obtained from batches fabricated by the method mentioned in 2.3 with varying delay
time after plasma treatment (see appendix B.3) by the procedure shown in 1.3.3 and respective statistical
analysis.

Wrinkles Delay 2 (24h) 9 (24h vacuum)

(Resting Time)

Sample Type 1 2 3 4 5 6
A1 (nm) 709.64 599.48 526.84 | 850.06 752.86 588.81
Ay (nm) 731.35 672.44 533.72 | 850.06 72793 580.14
A3z (nm) 75813 623.7 473.06 | 850.06 72793 59743

A4 (nm) 685.31 649.95 53235 | 82785 7191 586.34

A (nm) 721.11 636.39 516.49 | 84451 731.96 588.18
20 (nm) 53.75 5483 50.42 | 19.23 2519 1241
%o 3.73 4.31 4.88 1.14 1.72 1.05
3 (48h) 10 (48h vacuum) 7 (72h)
1 2 3 1 2 3 1 2 3

785.37 663.92 580.14 | 919.54 7949 604.73 | 999.53 837.33 605.97
82522 638.93 542.73 | 952.02 808.58 611.44 | 1024.38 822.2 590.46
81546 649.95 58549 | 943.14 801.93 592.2 | 1042.79 811.52 633.58
803.98 67762 564.17 | 943.11 79488 ©607.74 | 1011.71 801.51 613.3
80751 65761 56813 | 939.45 800.07 604.03 | 1019.60 818.14 610.83
29.66 2912 3326 | 2411 1138  14.46 3203 26,55 31.02

1.84 2.21 2.93 1.28 0.71 1.20 1.57 1.62 2.54

8 (72h vacuum) 5 (96h)

1 2 3 1 2 3
996.57 83734 613.85 | 1002.79 805.14 584.12
983.61 819.42 606.2 989.5 799.41 607.55
992.4 829.64 616.2 | 992.79 79594 6171
1001.22 854.93 595.85 | 1008.89 810.35 609.88
993.45 835.33 608.03 | 998.49 802.71 604.66
1296 2596  15.88 15.49 11.00  24.74
0.65 1.55 1.31 0.78 0.69 2.05
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B.3. PROCESSED DATA

Table 10: Values of A obtained from batches fabricated by the method mentioned in 3.2 only on graphene
sections (see appendix B.3) by the procedure shown in 1.3.3.

Recipe Batch 5 6

Sample Type 1 2 3 1 2 3
A1 (nm) 1021.73  808.4 600.51 | 1015.02 801.51 633.3
Ay (nm) 959.53 853  601.31 | 1015.02 798.53 612.44
A3 (nm) 1023.86 863.53 695.3 | 1018.76 803.98 632.22
A4 (Nm) 1021.73 890.91 669.41 | 1028.8 852.02 635.02

Table 11: Statistical analysis of table 10.

Sample Type A 200 %o
1 1013.06 41.35 2.04
2 833.99 65.83 3.95
3 634.94 6190 4.87
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C

Additional Measurements

C.1 Optical Microscopy

(a) 20x objective BF (b) 100x objective BF

Figure 84: Type #2 sample fabricated by the method mentioned in section 2.3.

(a) 20x objective BF (b) 100x objective BF

Figure 85: Type #3 sample fabricated by the method mentioned in section 2.3.
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C.1. OPTICAL MICROSCOPY

200 pm 200 pm

(a) Measured spot #1, 4x objective, DF. (b) Measured spot #3, 4% objective, DF.

Figure 86: Oxygen plasma-treated flat PDMS sample after pure acetone bath with intervals of 15 minutes.

(@) Measured spot #1, 4x objective, DF. (b) Measured spot #3, 4% objective, DF.

Figure 87: Oxygen plasma-treated flat PDMS sample after pure acetone bath with intervals of 30 minutes.

(a) Measured spot #1, 4x objective, BF. (b) Measured spot #3, 4x objective, BF.

Figure 88: Oxygen plasma-treated flat PDMS sample after pure acetone bath with intervals of 60 minutes.
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APPENDIX C. ADDITIONAL MEASUREMENTS

l --
e

(a) 5x BF, graphene section border  (b) 100x BF, section without graphene  (c) 100x BF, section with graphene

Figure 89: Type #1 sample fabricated by the process mentioned in the section 3.2 overexposed with
oxygen plasma.

(a) 5x BF, graphene section border (b) 100x BF, spot without graphene (c) 100x BF, spot with graphene

Figure 90: Type #2 sample fabricated by the process mentioned in the section 3.2 overexposed with
oxygen plasma.

500 pm

(a) Contacts distance of 200 ym (b) Contacts distance of 1 mm

Figure 91: 5x objective images of samples fabricated by the method mentioned in section 3.2 with
overexposed oxygen plasma. Colorful zones are sputtered gold contacts.

74



C.2. ATOMIC FORCE MICROSCOPY

C.2 Atomic Force Microscopy

.
- gampm
000 ym

Figure 92: 3D representation of type #1 sample of Figure 93: 3D representation of type #3 sample of

WD7 WD7
241 nm
\ 200
3 » 150
100
Figure 94: 3D representation of type #1 sample of
WD2 50
0

Figure 95: 2D topographical plot of type #1 sample
of WD2

B o2
000 pm

Figure 96: 3D representation of type #2 sample of
WD2

Figure 97: 2D topographical plot of type #2 sample
of WD2

75



APPENDIX C. ADDITIONAL MEASUREMENTS

206 nm

180
160
140
120
100
80
60
40

Figure 98: 3D representation of type #3 sample of
WD2

e — 0

Figure 99: 2D topographical plot of type #3 sample
of WD2

012 pm
008 pm

Figure 100: 3D representation of type #1 sample of Figure 101: 3D representation of type #2 sample of
RB6 RB6
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C.3. RAMAN'S SPECTROSCOPY

C.3 Raman’s Spectroscopy
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Figure 103: Typical Raman’s Figure 104: Raman'’s spectrum of

Figure 102: Theoretical Raman’s monolayer graphene on a 2 mm

spectrum of fused silica. Re-

spectrum of pristine PDMS. Re- 4004 rom (93], Si0, substrate. Retireved from
trieved from [92]. [94].
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Figure 105: Measured section of flat pristine PDMS.
Crosses are measured spots.

Figure 106: Raman's spectra obtained on flat pris-
tine PDMS. Integration time of 2s, 10 acquisitions.
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Figure 107: Measured section of oxygen plasma-
treated flat PDMS. Crosses are measured spots.

Figure 108: Raman’s spectra obtained on flat
treated PDMS. Integration time of 2s, 10 acquisi-
tions.



APPENDIX C. ADDITIONAL MEASUREMENTS

Figure 109: Measured section of graphene trans-
ferred onto a flat glass substrate. Crosses are mea-
sured spots.

Figure 111: Measured section of graphene trans-
ferred onto a flat untreated PDMS substrate.
Crosses are measured spots.

Figure 113: Measured section of graphene trans-
ferred onto a flat treated PDMS substrate with no
resting time. Crosses are measured spots.
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Figure 110: Raman'’s spectra obtained on graphene

transferred onto a flat glass substrate. Integration
time of 1s, 10 acquisitions.
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Figure 112: Raman’s spectra obtained on graphene
transferred onto a flat untreated PDMS substrate.
Integration time of 1s, 10 acquisitions.
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Figure 114: Raman'’s spectra obtained on graphene
transferred onto a flat treated PDMS substrate with
no resting time. Integration time of 1s, 10 acquisi-
tions.
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C.3. RAMAN'S SPECTROSCOPY
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Figure 115: Measured section of graphene trans-

ferred onto a flat treated PDMS substrate with 72h | '8uré 116: Raman’s spectra obtained on graphene
of resting time. Crosses are measured spots. transferred onto a flat treated PDMS substrate with

72h of resting time. Integration time of 1s, 10 ac-
quisitions.
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APPENDIX C. ADDITIONAL MEASUREMENTS

C.4 Scanning Electron Microscopy

Figure 121: WD7.2, 6 400X mag., 10 kv at SEM Figure 122: WD7.2, 39 481x mag., 10 kv at SEM
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C.4. SCANNING ELECTRON MICROSCOPY

Figure 123: WD7.3, 289x mag., 10 kv at SEM Figure 124: WD7.3, 1 233x mag., 10 kv at SEM

Figure 125: WD7.3, 3 563% mag., 10 kv at SEM Figure 126: WD7.3, 7 605x mag., 10 kv at SEM
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APPENDIX C. ADDITIONAL MEASUREMENTS

C.5 Angular Reflection Spectrophotometry
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Figure 127: ARS RB6.2 (no graphene)
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Figure 129: ARS WD2.1
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Figure 128: ARS RB6.3 (no graphene)
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Figure 130: ARS WD9.1
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Figure 131: ARS WD2.2
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