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RESUMO

Integracao de Transistores de Grafeno em Substratos Flexiveis e Transparentes para

Interfaces Neuronais Optogenéticas

As doencas do cérebro tém vindo a demonstrar prevaléncia a nivel global. Como tal, perceber e tratar
tais doencas ¢ fundamental. As interfaces neuronais sdo cruciais para se perceber como o cérebro
funciona e como as suas doencas podem ser eficientemente tratadas. O grafeno, devido a sua
biocompatibilidade, flexibilidade e transparéncia, emerge como um material adequado para interfaces
neuronais, tendo ja encontrado aplicacao na aquisicao de sinais elétricos do cérebro. Este pode também
ser modificado de forma a atuar como um sensor quimico, demonstrando grande sensibilidade e
seletividade, caracteristicas relevantes para detecao de neurotransmissores. Para além disso, a
transparéncia de materiais como o grafeno é benéfica em aplicacées optogenéticas, que permitem o
controlo do cérebro com luz. No entanto, o uso do grafeno em larga escala enfrenta problemas devido
ao seu processo de transferéncia lento e ineficiente, o que levanta obstaculos a sua transicao desde um
material experimental para um largamente acessivel. Assim, neste projeto investigou-se a fabricacao de
um dispositivo a base de grafeno capaz de detecdo neuroquimica, com diodos emissores de luz
micrométricos incorporados para estimulacdo optogenética em substrato biocompativel e flexivel, como
a poliimida. Simultaneamente, explorou-se uma forma eficiente e econdmica de transferir o grafeno para
oxido de silicio e poliimida. Um desenho e fabrico de transistores de grafeno em poliimida foi desenvolvido
e parcialmente testado, incorporando varias técnicas de microfrabricacdo. Foi ainda desenvolvido um
processo para a montagem de diodos emissores de luz micrométricos em cima do substrato fabricado,
testando duas abordagens distintas envolvendo soldadura e resinas condutoras. Finalmente, um
processo de transferéncia de grafeno a seco foi explorado, utilizando alcool polivinilico como um polimero
de suporte aplicado por diferentes técnicas, e analisando a forma como pontos de nucleacao, fronteiras
de grdo e a orientacéo cristalografica dos graos subjacentes influenciam o desacoplamento desde o
substrato de crescimento. Em resumo, este projeto de tese aborda o desenvolvimento de um sensor
neuroquimico flexivel a base de grafeno com diodos emissores de luz micrométricos integrados para
estimulacdo optogenética, usando métodos de fabrico econdmicos e pré-estabelecidos.

Palavras-chave: interfaces neuronais, sensor de grafeno, microfabricacao, diodos emissores de luz

mcirométricos, transferéncia seca.
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ABSTRACT

Graphene Transistor Integration in Flexible and Transparent Substrates for Optogenetic

Neural Interfaces

Brain disorders are increasingly prominent globally, thus understanding and treating such conditions are
paramount. Neural interfaces are crucial for understanding the brain's functioning and how disorders can
be efficiently treated. Graphene, due to its biocompatibility, flexibility, and transparency, is an emerging
material for neural interfaces. It has already found application in the recording of electrical information
from the brain. It has also shown that it can be modified as a chemical sensor with exceptional sensitivity
and selectivity, which is relevant for neurotransmitter detection. Additionally, the transparency of materials
like graphene proves highly advantageous in optogenetic applications, enabling brain activity control with
light. Nevertheless, graphene’s large-scale use faces drawbacks due to its slow and inefficient transfer
processes, which hinder the transition from an experimental material to a widely available one. As such,
in this project, one worked towards the fabrication of a graphene device capable of neurotransmitter
detection, with incorporated micron-sized light emitting diodes for optogenetic stimulation, on top of a
biocompatible and flexible substrate such as polyimide. At the same time, a more effective and
inexpensive way of transferring graphene to silicon oxide and polyimide was explored. A fabrication
process and layout for graphene field-effect transistors on a polyimide substrate were designed and
partially tested, encompassing various microfabrication techniques. Additionally, a process for mounting
micron-sized light emitting diode chips on top of the fabricated substrate was developed and tested by
two approaches involving soldering and conductive resins. Finally, a dry transfer of graphene was
explored, using polyvinyl alcohol as a support polymer applied by different techniques, and analyzing how
nucleation sites, grain boundaries, and the underlying crystallographic grain orientation influenced the
decoupling from the growth substrate. In summary, this thesis project addresses the development of a
flexible graphene-based neurochemical sensor with integrated micron-sized light emitting diodes for

optogenetic stimulation, using inexpensive and already established methods for its fabrication.

Keywords: neural interface, graphene sensor, microfabrication, micro-LEDs, dry transfer
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1. INTRODUCTION AND MOTIVATION

The brain has been a matter of study throughout human history. Although progress has been made in
understanding it, there is still a lot to unveil, and our knowledge probably only scratches the tip of the
iceberg. With technological and scientific development, humanity has been able to create progressively
more complex tools to probe the physiology of the brain in such a way that allows for a deeper
understanding of its inner workings. The human brain is a complex organ comprising roughly 86 billion
neuron cells [1], [2] that process and communicate information via electrochemical signals with each
other, reaching up to trillions of connections. The transmission of information between neurons is done
at the synapse, where specialized molecules called neurotransmitters are typically released in tiny
quantities to signal to the next neuron “what to do.” Abnormal concentrations or activity of these
molecules in the brain have been linked to several neurological disorders, such as Parkinson's [3], [4],
or Alzheimer's disease [b], which are very prevalent in the global population. As such, there is a great
interest in understanding and studying potential correlations between neurotransmitters’ dynamics and
these diseases to potentiate the development of new diagnostics, therapeutics, and even cures for these
disorders.

Neural Interface (NI) tools allow brain physiology study by bridging the brain and external electronics
where one can acquire, decode, process, and send information, even allowing for back-and-forth
communication [6]. Neural Interfaces (NI) should be sensitive to allow for detection of subtle brain
dynamics, reliable for long term operation, small and biocompatible to minimally disrupt the brain and
subject’s normal functioning and behavior. These aspects are critical in determining the performance of
these devices. Different types of Nls can operate in the interior or exterior of the brain. The former allows
for more sensitive and localized operation of the devices than the latter, at the expense of more complex
and dangerous implantation procedures and enhanced invasiveness. Different challenges, be it their
biocompatibility, biological integration, or minimally damaging the surrounding tissue can be assessed by
adequate choice of materials in implantable Nls. These should not present degradation and induce
immune responses from the subject’s body. Chemical inertness in a biological medium and mechanically
matching the surrounding tissue’s properties are crucial to achieve biocompatibility. Consequently, there
is a special interest in incorporating one or more modalities for recording or modulation of brain activity

in flexible devices. NIs can read or stimulate brain signals via different electrical, optical, and



pharmaceutical methods. Optogenetics is an optical brain modulation modality that enables control of
brain behavior by exposing genetically modified brain tissue to light. This requires a light source that can
be integrated in the NI, for example, in the form of micron-sized light-emitting diodes (uLED) [7], [8]. It
can be combined with other recording modalities. Although recording of brain activity is typically
associated with its electrical component, the neurochemical activity can also be studied with chemical
sensing methods. These methods require high sensitivity due to the reduced amounts of target chemicals,
the neurotransmitters. High selectivity is also paramount as multiple similar molecules can be present
while presenting distinct functionality.

The high complexity of the brain and the challenges associated in studying it push for the development
of better NlIs This opens the way for new functional materials and techniques to enter this research field,
including the one-atom-thick conductive material graphene. Graphene has been a focus of study over the
past ten years. The emergence of a reliable fabrication technique for graphene on top of metallic catalyst
substrates boosted research and development of different applications. Graphene has been used to
fabricate a wide range of sensors due to its outstanding electrical properties. It proved reliable when it
comes to chemical detection of a diverse range of substances, ranging from gases to liquids, while also
showing high sensitivity and selectivity upon surface chemical modification, known as functionalization.
Furthermore, graphene is transparent, chemically inert, and biocompatible, making it an optimal
candidate for usage in NIs [9]. In a recent study, ultrasensitive detection of dopamine, an important
neurotransmitter, in cerebral spinal fluid, utilizing functionalized graphene field-effect transistors (GFET)
[10] was demonstrated, reaching an attomolar limit of detection (LOD). This result paved the way for
integrating this technology into a single flexible biocompatible device capable of being implanted, as in
[11]. These studies established graphene as a material capable of sensitive and selective reading of
neurochemical activity while implanted in a living being. An integration of graphene-enabled recording of
neurochemical signals with a brain modulating modality in a single device is still yet to be accomplished.
Furthermore, the accessibility, manufacturing cost, and reliability of such devices should be considered
if one aims to mass produce and make such a technology widely available. One of the biggest challenges
in the scalability of graphene-based devices is the complex and expensive transfer methods utilized to
transfer graphene from the metal catalyst, where it is usually grown, onto the final substrate. Generally
used transfer methods require the etching of the metal catalyst, typically copper. Waste is generated and
non-environmentally friendly chemical solutions are required, which, in addition to raising manufacturing
costs, can dope the graphene, altering its electronic properties and generating non-removable residues.

Different kinds of approaches to graphene transfer have been a matter of research [12], [13], with one



of them being the direct detachment of this material from the substrate without etching of the metal
catalyst [14]. This would allow for mass transfer methods, for example, with roll-to-roll technology [15],
while maintaining lower doping and residues’ levels than traditional transfer methods and the possibility
to re-use the catalyst, hence lowering fabrication costs.

With all of this in mind, the main goal of this dissertation was the definition of a fabrication process of a
non-implantable flexible device with GFETs capable of being chemically modified for the detection of
dopamine in real biological samples while at the same time integrating uLEDs for optical modulation of
neuronal activity. Furthermore, a dry transfer method of graphene was explored, and its feasibility studied.
All these objectives were framed inside the project NeuralGRAB: Graphene Aptasensor Bioelectronics, a
neural interface for neurotransmission probing in neurological disorders, and contribute to its
development. A rigid GFET-based neurochemical sensor for dopamine has already been established
inside the NeuralGRAB project. Development of an implantable version with capabilities of brain activity
modulation is one of project’s ultimate goals. In this work, the integration of the GFET-based
neurochemical sensor was translated onto a flexible substrate. Integration of optical modulation
capabilities provided by uLEDs were also studied. This master thesis project thus provides a crucial step
between the rigid GFET devices [10] and a fully integrated biocompatible, flexible, and implantable

platform for neurochemical sensing in a living brain with optical stimulators.



2. STATE OF THE ART

2.1 GFET Flexible Biosensors

The outstanding graphene’s electrical properties make this material suitable for a number of applications.
The development of large-scale growing methods on metallic catalysts made this material increasingly
available. Interesting applications have been found in the biosensing field, enabling highly sensitive

detection of biomolecules of interest.

2.1.1 Graphene

Graphene is a transparent, conductive material comprised of a layer of sp=hybridized carbon atoms
(Figure 1b) arranged in a honeycomb structure with a theoretical thickness of only 0.335 nm [16]. It is
an allotrope of carbon, with each carbon atom connected by three o-bonds to the nearest neighbors,
each bond spanning about 0.142 nm, while graphene’s lattice parameter is about 0.246 nm, with each
primitive cell comprising two atoms [17], [18] (Figure 1a). Each carbon atom forms one m-bond with its
first neighbors, using the unpaired p, electrons (Figure 1d), giving rise to the - and Tm*-bands, the valence
and conduction bands, respectively. It is a zero-bandgap semiconductor, with the valence and conduction
bands touching at the K and K' points named the Dirac points. Electrons with energy in a range close (=
1 V) to this singularity behave as massless Dirac fermions [19], with an effective Fermi velocity, v_F~=10¢
m.s? [20]. A linear electron energy-momentum dispersion relation is observed in this region, which is very
similar for both bands, originating the cones in the Brillouin zone near the K and K' points (Figure 1d).

Graphene possesses remarkable electronic properties [21], such as high charge carrier mobility ( ) that

can be maintained at high temperatures (300 K) and high electric fields, with a pseudospin quantum
number, low intrinsic electronic noise, chemical stability, and high sensitivity to electric charges and
dipoles in its proximity. It is also deemed transparent, absorbing less than 3% of visible light [22], [23],
[24] (Figure 1c).

One of the most prominent techniques for graphene characterization is Raman spectroscopy. Graphene’s
quality and number of layers can be assessed mainly by the measurement of three distinct peaks: the D
peak, at 1350 cm-, the G peak, at 1580 cm?, and the 2D peak at 2700 cm. The G peak arises from a
first order Raman scattering process involving one optical phonon whilst the D and 2D peaks arise from

second order processes. The D peak is associated with a second order process involving an in-plane
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transverse optical phonon and a defect and, as such, is associated with the defect density of graphene.
Meanwhile, the 2D peak is associated with two in-plane transverse optical phonons near the K point and

is typically associated with the number of graphene layers (when compared to the G peak).
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Figure 1 - Graphene properties.

(a) Schematic representation of graphene structure. Vectors a; and a, represent the two primitive vectors with
an amplitude of 0.246 nm and & vectors represent the sigma bonds connecting neighboring carbon atoms. (b)
Representation of the electronic clouds around the carbon atoms in graphene. (c) Image of different numbers of
graphene layers transferred onto a 285 nm thick SiO2 substrate under the microscope. The numbers represent

the number of graphene layers in each area. An increase in the number of graphene layers leads to less light
transmission. (d) Representation of graphene’s band structure where multiple Dirac Cones are visible (left). Detail

of band structure near the Dirac point and linear behavior of the energy-momentum dispersion relation (right).

(a),(b) adapted from [25], (c) adapted from [26], (a),(b) adapted from [27].

2.1.2  Graphene Growth

Although graphene had long been theorized, it was first achieved by mechanical exfoliation from highly
oriented pyrolytic graphite [28] using Scotch tape. However, this method lacked scalability and
reproducibility. Since then, various methods have emerged that can be labeled bottom-up or top-down
[29].

One can name mechanical or chemical exfoliation and chemical synthesis from graphite or its derivatives
within top-down methods. As already mentioned, the first was the firstway isolated graphene was
obtained. Typically, exfoliation methods rely on the fact that graphite is comprised of graphene sheets
bonded by Van der Waals force. Graphene can be successfully isolated if one breaks these weak bonds
(Figure 2a). Mechanical methods rely on applying a normal or parallel (shear) force to the graphene
sheets’ plane. In contrast, chemical methods try to intercalate molecules between graphene sheets to
weaken the Van der Waals bond [30]. Chemical synthesis methods from graphite or its derivatives are

helpful if one aims to obtain non-pure forms of graphene, such as graphene oxide, that can be used to
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form reduced graphene oxide [31]. By starting with graphite and then applying strong acids or oxidants
that alter the graphene sheets' chemistry, making them hydrophilic or intercalating molecules between
them, they can more easily separate by sonication.

Bottom-up methods include a variety of methods for graphene growth. Some examples are the epitaxial
growth on SiC substrates and chemical vapor deposition (CVD) growth, which can be plasma-enhanced
to lower the growth temperature.

Epitaxial growth on SiC substrates is achieved by heating the substrate to a point where silicon atoms
start to be desorbed from the bulk material, leaving behind carbon atoms that form graphene sheets
(Figure 2b). This technique can be applied in ultra-high vacuum (UHV) or at ambient pressure, resulting
in a higher ratio of monolayer graphene in the latter due to a more well-controlled Si sublimation rate.
Also, this technique is well-suited for integration in the widely established complementary metal-oxide-
semiconductor fabrication, as it can be used to grow graphene directly in the substrate where it will be

utilized, provided high temperatures achieved during growth can be endured [32], [33], [34].
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Figure 2 — Graphene exfoliation and epitaxial growth on SiC.
(a) Schematic representation of electrochemical exfoliation. Molecules in an electrolyte solution intercalate
between the graphene sheets in graphite due to an applied potential between the graphite and another immersed
electrode. [30] (b) Proposed mechanism for forming a bilayer of graphene by thermal decomposition of SiC. [34]

CVD growth has a high yield and can produce high-quality large-area graphene sheets. Here, graphene is
grown on top of a substrate capable of adsorbing carbon, allowing other carbon atoms to attach to these
nucleation sites and make the graphene grow laterally [35], [36], [37]. Using plasmas can decrease the
temperature needed for the growth process to begin while also shortening the growth time. Typical
substrates for this type of growth are metallic ones, such as the most widely used Cu [38] and Ni [37].
At the same time, others can also be used, such as Co, Pt, Ir, and Ru, among others [35], although
graphene can be grown on top of other kinds of substrates like hexagonal boron nitride [39]. This process
can be divided into four crucial steps: substrate pre-treatment, annealing, graphene growth, and cooling.

The growth mechanism differs on Ni and Cu substrates as these two materials possess very different



carbon solubilities, with the latter material presenting a magnitudes lower solubility [40]. In both
substrates, the process can be described as an initial transport of the reactants onto the chamber,
followed by a vapor-phase reaction where carbon species are formed.

Ni substrate's growth mechanism is usually described as a saturation and segregation/precipitation
process. Here, after hydrocarbons are pumped inside the CVD chamber and carbon atoms diffuse inside
the bulk Ni, they saturate and are segregated from the bulk material onto the surface and precipitated at
the grain boundaries when the chamber temperature is lowered [37]. This process then realizes the
growth of mono to multilayers of graphene.

As for Cu substrates, carbon atoms are adsorbed onto the catalyst's surface, where on-surface reactions
form active species that eventually overcome the energy barrier to begin nucleation. The subsequent
formation of active carbon species can help the growth of already-formed nuclei or start new ones [41].
As Cu solubility is very low for carbon, the graphene growth process occurs only at the surface, where
carbon atoms from hydrocarbon precursors attach to the available nucleation sites and seed the growth.
This process usually occurs at temperatures higher than those required for Ni substrates. Cu reaches a
semi-molten state at temperatures close to its melting point (1085 °C) or lower for higher impurity Cu
samples. Here, the process is self-limiting. Once the surface is completely covered with graphene,
nucleation cannot occur, resulting in a higher yield of monolayer graphene on this type of substrate. If
too many nucleation sites are available, the graphene will have a small crystallite size, typically presenting
higher defect density and a higher number of graphene layers around the nucleation sites [42]. The
nucleation sites can be defects on the Cu surface or even deleterious carbon residues. These can be
reduced by electro-polishing the substrate and oxidizing it in a pre-growth cleaning stage. Electro-polishing
lowers Cu substrate roughness, reducing the number of nucleation sites, and pre-oxidizing stores oxygen
inside of the substrate that will be released during heating and scavenge deleterious carbon [43] that

could otherwise serve as a nucleation site [44].
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Figure 3 — Schematic representation of the different growth processes for CVD graphene in a Cu and Ni
substrate.
(Left) CVD growth on Cu is a self-limiting process yielding mostly monolayer graphene, while on (Right) Ni, it
relies on a saturation and precipitation/aggregation process.

Crystal facets of the metallic substrate can also play a role in the quality of the CVD-grown graphene, and
it has been shown that specific orientations yield higher quality and faster growth. For example, Cu(111)
crystals [45] have been shown to lead to higher-quality monolayer graphene sheets (Figure 4a). At the
same time, graphene has been thought to induce a recrystallization of the Cu substrate (Figure 4b) into
preferably Cu(100), shown by fast cooling CVD grown graphene on copper foils and comparing them to

slow-cooled samples that exhibited larger grain Cu(111) formation (A. Y. Lu et al., 2012).
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Figure 4 — Effect of Cu substrate crystallographic orientation on graphene quality and its evolution during CVD
growth of graphene.

(a) Optical image of graphene grown on Cu substrate with different crystal facets and (b) the corresponding
Raman spectrum. The I, /I; ration on Cu(111) is higher, which indicates a better quality monolayer graphene
sheet. (c) Schematic of the recrystallization process for Cu substrates in the CVD graphene growth process.
Different colors represent different grain crystal orientations. Graphene induces a (100) recrystallization at the
surface, shown by a tendency of small Cu(100) crystal facets to appear after fast cooling. In contrast, millimeter-
sized Cu(111) crystals are formed upon slow cooling of the samples after the CVD growth process.

2.1.3  Graphene Transfer

Over the last decade [12], one of the biggest challenges in the large-scale use of graphene is the difficulty
and cost associated with its transfer from its native substrate onto the substrate where one wants to
utilize it. The transfer process is associated with decreasing graphene quality by introducing defects such
as cracks, wrinkles, tears, or even doping the graphene. Although there have been efforts to manage to
grow graphene directly on the target substrate [47], [48], [49], [50], such approaches are still very
substrate-dependent and require optimization.

With CVD-grown graphene being one of the most popular techniques for graphene growth, different
methods have been developed to transfer it from the metal catalyst onto the target substrate [12], [13].
One can categorize these techniques in a variety of ways. The most prominent over the years has been
the wet transfer technique (Figure 5) involving the usage of a polymeric support layer spin-coated on top
of the graphene, followed by the wet chemical etch of the metal catalyst, typically Cu, by leaving it afloat
on a solution capable of dissolving copper, such as FeCl; [51]. This type of transfer technique is usually
called wet transfer, as the transfer is done in a wet environment involving the metal etchant and another
solution used to clean the graphene after the first etch, typically HCI and de-ionized (DI) water. Although
commonly used, problems are associated with it, namely the possibility of etchant damage to the
graphene and especially the inevitable residues left on its surface from either the etchant or the polymeric
support [52]. Polymer residues from one of the most used polymeric supports, polymethyl methacrylate

(PMMA), for instance, tend to change graphene’s electrical properties by p-doping it [52], [53].
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Figure 5 — Schematic of the wet transfer technique.

(1) After the CVD growth of the graphene on top of the metal catalyst, (2) a support polymer is spin-coated on top
of the graphene, typically on the top side of the sample. (3) The polymer/graphene/metal stack is left afloat on a
metal etchant solution until the substrate is completely etched away, (3.5) followed by the fishing of the
polymer/graphene and careful transfer onto the next solution. (4) The sample is again left afloat in the following
solution, responsible for cleaning possible metal etchant residues, (4.5) followed by another polymer/graphene
stack fishing. (5) The stack is left afloat on DI water, ready for fishing with the target substrate. This way, one
avoids unnecessary contact of the target substrate with other chemical solutions. (5.5) When fishing with the
target substrate, one aligns the stack with the area where the graphene shall be transferred. A thin water layer
remains under the graphene, creating a polymer/graphene/water/target substrate stack. (6) The sample is left
to dry so the trapped water evaporates. The sample can dry at an angle so water escapes more efficiently. (7)
After drying, the stack is immersed in a polymer-dissolving solution, so the only thing remaining on top of the
target substrate is the graphene. (8) After cleaning the sample from the previous solution, the graphene has been
transferred, and the fabrication process can resume.

Another option is to transfer the graphene without resorting to polymer support. These support-free
transfer techniques from the metal catalyst onto the target substrate rely on achieving good physical
contact between the two [54], [65] or a direct synthesis of the target substrate on top of the
graphene/metal catalyst [56], followed by the typical etching of the metal.

As mentioned above, wet and support-free transfer techniques have one thing in common: one needs to
dissolve the metal catalyst to achieve the “detachment” of the graphene and get the final result. As CVD-
grown graphene on Cu foils has shown the most promising results, much work has been put into
developing techniques capable of transferring the graphene directly from the growth substrate without
the need for metal etchants, improving graphene’s quality and dramatically lowering the associated costs.
One of these techniques is called bubbling and consists of assembling a setup where a metal
catalyst/graphene/support polymer stack and another electrode are immersed in an electrolyte and used
as cathode and anode, respectively (Figure 6a). From here, a water electrolysis process is started,
resulting in a formation of H, bubbles at the metal/graphene interface and a detachment (Figure 6¢) of

the graphene/support polymer stack, which is left afloat on the electrolyte [57], [58], [59]. This process
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is faster than typical metal etching and allows for usage in metal substrates that are more inert and
harder to etch, such as Ir, Ru, or Pt. It has also been proposed that this method does not rely on forming
the H, bubbles but rather on the intercalation of electrolyte ions between the metal substrate and the
graphene [60] (Figure 6b). As long as the ions in the electrolyte are not reduced upon contact with the
cathode, intercalation is possible, and the graphene/support polymer stack is successfully delaminated.
This was proved by applying a potential to the metal/graphene/support polymer stack while immersed
in different electrolytes without applying any constant current and no bubble formation. Although
promising and cheaper, this bubbling/ion intercalation technique suffers from inducing mechanical
damage to the graphene sheet [57] and undesirably doping the material due to the usage of the support

polymer and the contact between the graphene and electrolyte’s ions [14].
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Figure 6 — Schematic of delamination of graphene by bubbling and ion intercalation.

(a) Schematic of the bubbling setup. The metal/graphene/polymer stack is connected to the negative voltage
while the other electrode is connected to the positive voltage, functioning as a cathode and anode, respectively.
Oxidation will occur at the anode and reduction at the cathode, with the formation of H, bubbles and intercalation
of electrolyte ions that will detach the polymer/graphene stack. (b) The schematic of the setup utilized in [60].
Although no current passes through the system when it reaches the steady state, there is a transient movement
of ions that intercalate between the metal and the graphene, effectively delaminating it. (c) Schematic of the
delamination process. While an electrical connection between graphene and copper is maintained, both will be
negatively charged and attract positive charges to their surfaces, effectively achieving delamination. This
phenomenon works even if the charges are reversed.

As one of the primary sources of contaminants and doping of these transfer techniques resides in the
usage of solutions, be they electrolytes or metal etchants, dry transfer methods have also been developed
and demonstrate promising results. For dry transfer methods to be reliable, the adhesion energy between
the metal catalyst and graphene should be lower than that between the graphene and the supporting
layer. This can be achieved by, for example, utilizing metal catalysts for graphene growth that show
smaller adhesion energies to graphene, as is the case of Ge [61], [62], allowing for direct dry transfer by
utilizing only Van der Waals interaction forces to delaminate it. Unfortunately, Cu possesses an adhesion
energy to graphene [63], [64], [65], which is much higher than typical Van der Waals interaction energies

[66]. Approaches that utilize a material that possesses a bigger adhesion energy to graphene than that
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of Cu after CVD graphene growth have been developed but are substrate dependent. The graphene, after
delamination, is “permanently stuck” to this substrate material. For example, this can be achieved by
utilizing a polyimide (PI) interlayer on the target substrate and then hot-pressing or laminating it onto the
Cu/graphene stack, followed by peeling the Cu [67].

There is yet another route enabling the dry transfer and a direct release from the metal catalyst in the
case of Cu growth substrates. It decouples the graphene from the Cu substrate by reducing its adhesion
energy. It has long been known that while graphene is one-atom thin, impermeable to most elements,
diffusion is possible at graphene crystals’ edges and defects. The polycrystalline nature of most graphene
sheets grown by CVD on Cu foils presents enough of these edges and defects for gases and water to
intercalate and for an interesting process to take place [68]. Although graphene and Cu interface is stable,
once water and oxygen manage to come into contact with the two, galvanic corrosion takes place and the
graphene, the more noble material of the two, accepts electrons from Cu, in a process that culminates
in the oxidation of the metal’s surface and the intercalation of water. This galvanic corrosion process
reduces the coupling of the two materials (Figure 7a). The chemical reaction taking place can be

described as follows [69]:
e (athode (Graphene) Reaction:
0, + 2H,0 +4e™ - 40H™
e Anode (Copper) Reaction:
Cu- Cu*+e”
e Oxide Formation:

2Cu* + 20H™ - Cu,0 + H,0
This process starts at the graphene edges and defects and then extends laterally to other areas in a
positive feedback loop [69], [70] (Figure 7a and Figure 8). The graphene at these sites is decoupled, and
water and oxygen manage to intercalate further in the interface. The process repeats itself until the whole

graphene surface is decoupled, resulting in a red shift of both graphene Raman G and 2D bands [71]
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and the appearance of bands typical of Cu oxides and a visible change of the substrate’s color [46], [69],

[72] (Figure 7b).
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Figure 7 - Evolution of graphene under immersion in DI water.

(a) Optical images of a monolayer graphene crystal grown by CVD on Cu and its evolution after immersion in DI
water from 1h to 10h. The oxidation begins at the edges and spreads towards the center. (b) Corresponding
Raman signals from the dashed areas in (a). It is possible to notice the appearance of the Cu oxide peaks and
the redshift in both the G and 2D peaks. [69]

This decoupling process can depend on the number of graphene layers and the crystallographic
orientations of the Cu grains. It has been shown that bilayer graphene presents [73] better oxidation
protection of the Cu surface than monolayer graphene or simply bare Cu when immersed in an electrolyte

[68] or exposed to an ambient atmosphere [73]. A connection between the oxidation of the Cu growth
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substrate and its crystallographic orientation has also been studied. In one study, it was found that
Cu(100)/graphene interface was less reactive than Cu(111)/graphene, and thus, the latter is more prone
to oxidation, contrary to what happens in bare Cu [73]. A different study assigned different “oxidation
modes” to different crystallographic orientations of the graphene-covered Cu surface over 2 years of
atmospheric air exposure to graphene while corroborating the theory that bilayer graphene shows better
oxidation protection of the metal surface [74]. In this same study, the Cu/graphene stack was later
reduced under H, annealing and re-oxidized with DI water immersion at 50 °C over 3 days, resulting in a

faster oxidation of the Cu below mono and bilayer graphene (Figure 8).
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Figure 8 — Evolution of the graphene/Cu interface after exposure to oxygen and water.

(1) After growth, nucleation sites, defects, and edges of graphene are spread along the sample. (2) Although
graphene is impermeable to oxygen and water, its features allow for their diffusion. (3) Oxidation starts at these
features as the oxygen and water reach the interface. (4) Decoupling of the graphene takes place, allowing
oxygen and water to diffuse further and the oxidation spreads laterally. Notice how Cu covered in bilayer
graphene does not get oxidized easily.
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Figure 9 - Evolution of the (a) G and (b) 2D Raman peaks of CVD graphene on Cu after immersion in DI Water at
40° C.

The G peak gets red-shifted while the 2D peak splits into 2D~ and 2D ™. The vanishing of the 2D * peak and the
appearance of 2D~ peak signal the decoupling of the graphene from the growth substrate. (c-d) Coverage
images of graphene transferred by dry transfer onto SiO, utilizing PVA as a support polymer after different

immersion periods in DI Water at 40° C. After 15 minutes of immersion (c) the graphene coverage is very poor.
Still, after 120 minutes (d), the coverage is dramatically improved after the almost complete vanishing of the
2D peak (b) Adapted from [71].

Decoupling the graphene from the Cu substrate enables (Figure 9) the dry transfer of graphene with a
broader range of support materials or target substrates. For example, one study utilized water vapor to
induce the graphene decoupling from the Cu substrate and spin-coated polycarbonate on top of the
graphene/Cu foil stack, followed by the peeling of the polycarbonate/graphene and subsequent transfer
onto the SiO, target substrate by electrostatic bonding. The polymer was later dissolved leaving graphene
on the target substrate. The Cu growth substrate managed to be reused without loss of material or loss
of graphene quality [70]. Although not a dry transfer, another study utilized the decoupling mechanism
to selectively etch the Cu oxide formed at the Cu/graphene interface. Polydimethylsiloxane was spin-
coated on the decoupled sample, creating a Polydimethylsiloxane/graphene/Cu,0/Cu stack, which was
then immersed in an HCI solution, leading to the etching of the Cu,0 and release of the
Polydimethylsiloxane/graphene. The remaining Cu substrate managed to be reused, and the process
was repeated, with no apparent decrease in graphene quality [46]. The oxide formation can be sped up
by immersion in hot DI water. This was used in another study where a Kapton tape/PMMA/graphene/Cu
stack was immersed in DI water at 90°C for 2 hours, leading to the formation of an oxide layer, which

allowed for the peeling of the Kapton tape/PMMA/graphene stack and subsequent transfer onto the
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target substrate by contacting the two and dissolving the PMMA using acetone [75]. A recent study
compared graphene obtained by a dry transfer technigue to graphene samples transferred by wet transfer
and bubbling. The technique comprised decoupling the CVD graphene from the Cu by immersion in DI
water overnight and then laminating a commercial water-soluble polyvinyl alcohol (PVA) film utilizing a
simple office laminator (Figure 10). Lamination was done at 110° C followed by a bake at the same
temperature, and finally, the Cu substrate was peeled, leaving behind graphene on top of the PVA foil. A
second lamination was employed to contact the PVA foil onto the target substrate and a second bake,
both at 110° C. To conclude the transfer, the PVA/graphene/target substrate stack was immersed in DI
water to dissolve the PVA. This inexpensive and practical technique was done in parallel and compared
with the standard wet and bubbling transfers, yielding higher mobility, less doping, and overall higher
quality of the graphene. The Cu foils were reused for 5 posterior growths, and the graphene quality did
not deteriorate, showing a promising result that utilized fewer resources, was cheaper, more

environmentally friendly, and could be scalable [14].

Figure 10 — The dry transfer of graphene with PVA lamination.
(a) The transfer process described in [14]. (1) The as-grown graphene on Cu foil is immersed in DI water
overnight to promote the formation of an oxide layer in the graphene/Cu interface. (2) A PVA foil is hot laminated
on top of the graphene/Cu at 110° C, followed by a short bake at the same temperature on a hot plate. (3) The
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stack is then peeled, transferring the graphene onto the PVA foil, leaving behind the copper oxide and the Cu foil.
(4) The graphene/PVA stack is then ready for handling and transfer onto another substrate. (b) Graphene
transferred onto PVA. A darker square is noticeable in the center of the foil, corresponding to the graphene-
covered area. (c) Graphene on PVA and corresponding target SiO2 wafer. (d,e) Optical images of dry transferred
graphene by the described technique onto a wafer with pre-deposited 300 nm of SiO2. Graphene from the center
and edge of the Cu foil corresponds to (d) and (e), respectively. One can notice some leftovers of the PVA support
layer, visible as light blue dots. Adapted from [14].

Although there are various instances of dry or semi-dry transfer techniques, problems like cracks, tears,
and transfer yield of the graphene still make them lag behind the standard wet transfer technique and
call for improvement. Nevertheless, overcoming these problems could allow for the mass fabrication of
graphene in a continuous process, e.g., roll-to-roll (Figure 11). This technique typically consists of a rolling
mechanism where CVD-grown graphene on a roll of thin Cu foil is maintained under tension and laminated
to a support layer that already contains the target substrate. From here, the detachment of the graphene
from the Cu foil can be done by any of the above transfer techniques, be it wet chemical etch [76],
bubbling [77], direct peeling by utilizing a high adhesion layer [15], [78], or even delamination by the
oxidation of the Cu/graphene interface to decouple the graphene [79] (Figure 11). This type of transfer,
coupled with a roll-to-roll CVD growth of graphene, would allow for continuous and inexpensive fabrication

of graphene devices [78].

EVA/PET plastic Hot Lamination

Graphene/EVA/PET

Hot Water Delamination

Figure 11 — Schematic of a graphene roll-to-roll transfer process based on hot water delamination.

A roll of CVD graphene grown on Cu foil is left in an ambient atmosphere for one week after growth to oxidize the
interface between the two. The roll is fed onto the setup, which is laminated to the ethylene vinyl acetate
(EVA)/PET stack, followed by immersion in DI water at 50° C for 2 minutes. After that, the stack is delaminated
in a dry environment and separated into Cu/Cu oxide and graphene/EVA/PET. [79]

2.1.4  Graphene Field-Effect Transistors

Graphene field-effect transistors (GFETs) are three-terminal devices that use graphene as the channel

material, connecting the source and drain electrodes, between which a voltage (V.) is applied. A source-

17



gate voltage (V,) creates an electric field that modulates the source-drain current (l.) at constant V. by
shifting in energy the graphene electron density of states relative to the Fermi level. Sweeping the V..
voltage creates a characteristic GFET "V" shaped |-V, transfer curve (Figure 12). The lowest current point
occurs when the Fermi level is as close as possible to the Dirac point and corresponds to a net zero of
charges in the channel at absolute zero, known as the charge neutrality point (CNP) (Figure 12a).
Conduction at V,, lower or higher than the CNP corresponds to holes or electrons as the majority charge

carriers, respectively (Figure 12b). One of the transistor's most important figures of merit is their

transconductance, g, =§11/_ZZ|V‘1$ z,u%Vdng, with W and L the channel’'s width and length

respectively and C, the total gate capacitance, defined as the derivative of the |-V, curve at a constant
V.. In GFETs, g, is very high due to graphene's high carrier mobility, and the same transistor exhibits two
g., one for each branch of the transfer curve [80]. This property is unique to GFETs, as standard FETs

exhibit either an electron or hole channel, but not both in the same device.

a A Ids

Y

Figure 12 — GFET transfer curve and respective energy bands occupation.

(a) Example of a GFET transfer curve with undoped graphene. Red and green represent bands where holes
(valence band) and electrons (conduction band) are responsible for conduction, respectively. The blue point
represents the CNP, where the GFET conduction is lowest. (b) Schematic representation of graphene’s  and *
bands’ occupation for different points in (a). The Fermi level is modulated by V,, modifying graphene’s
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conductivity. When the Fermi level is inside the 7 band (1), or the * band (3), holes, or electrons, are
responsible for conduction in the channel, respectively. When the Fermi level coincides with the CNP (2), pristine
graphene does not conduct at absolute zero. Still, at finite temperatures, there is always a small electron
occupation of states in the =* band (and the corresponding holes in the 7 band), and a small current passes
through the graphene channel.

Gating of the graphene can be achieved using top gate [81], bottom gate [82], or liquid gate [10] layouts
(Figure 13). The first two require a solid dielectric to be placed and aligned between the graphene and
the gate electrode. The top gate configuration covers the graphene channel, which is detrimental for
applications like biosensing, where exposure of the transistor channel - a unique possibility associated
with GFETs - is desired. In contrast, the bottom gate configuration typically possesses a more complex
fabrication process. The liquid gate configuration achieves gating by applying an electrolyte (electrolyte-
gate) in direct contact with the channel and the gate electrode, thus relaxing the alignment requirements
in the other two configurations. The gate electrode in this configuration can be setup in a number of ways,
including by immersing an external electrode or by incorporating it in the transistor’s substrate (receded
gate) [10], [11]. In electrolyte gate setups, a nanometer-sized space-charge electrical double layer (EDL)
is formed at the graphene-electrolyte interface [83], achieving a high gate capacitance (=10 pF/cm®

higher than the other two configurations) that allows the GFET operation at low V, (< 1 V).

Substrate . Graphene Channel

Conductive Track . Dielectric Layer

Electrolyte

Gate Source Drain Source Drain Source Gate
I ——
Gate

(1 )Top Gate (2) Bottom Gate (3) Liquid Gate

Drain

Figure 13 — Schematic of the top gate (1), bottom gate (2), and liquid gate (3) GFET configuration.

It is necessary to add a dielectric layer between the gate electrode and graphene for top and bottom gate
configurations. In liquid gate configurations, an insulating layer is self-assembled on top of the exposed graphene
channel when a voltage is applied to the gate electrode. The gate electrode can be built into the substrate
(receded gate) or externally placed inside the electrolyte.

2.1.5 GFET Biosensing

Graphene transistors present many benefits for biosensing, such as high signal-to-noise ratio (SNR), high
surface-to-volume ratio with an area more than one order of magnitude higher than the surface area of
any other nanomaterial used in biological systems [84], and sensitivity to charges in the device's channel

vicinity. Furthermore, exposing the graphene channel to the analyte, which becomes possible in the
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bottom-gate and liquid-gate configurations, enables for chemical modification of the material’s surface for
sensing applications.

In biosensing applications, liquid-gate GFETs are a promising tool as they provide a liquid interface
between graphene and an electrolyte solution, which may contain molecules of interest, the target analyte
(Figure 14). Because in the liquid-gate transistor the channel-electrolyte interface is part of the
electrostatic gating system, the device's behavior will strongly depend on the properties of the electrolyte,
be it its pH, ionic strength, or other polar or charged molecules in solution. For biosensing, i.e., to make
the device sensitive to a single molecular target, the graphene must be functionalized to react only to
specific targets (Figure 14c). The process to achieve such a goal is molecular immobilization on graphene
of a biorecognition probe, typically using a linker molecule. Signal collection techniques vary, one of them
being detecting a horizontal shift of the Dirac point/CNP in the I.-V,. curve (Figure 14b). The shift occurs
whenever there are local changes in charge distribution at the graphene-analyte interface, i.e., in the EDL.
Functionalization of the graphene surface with the biorecognition probe adds receptors, which can be
molecules with biological activity (DNA, RNA, aptamers, antibodies, enzymes, or proteins) with high target
affinity and specificity so that only the target will react with the receptor (biorecognition). At the same
time, other molecular species in the solution will not bind. Binding (Figure 14d) can effectively modify the
GFET's properties by different mechanisms. It can, for example, enhance the electron transfer between
the electrolyte and graphene or change the charge distribution in the channel vicinity, i.e., the interface
capacitance. Since the interface, or better said, the EDL capacitance is crucial to the device's
electrostatics, biorecognition events will change the GFET transfer curve, precisely the gate voltage

corresponding to the CNP, which is easily detected experimentally [85] (Figure 14b).
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Figure 14 — Schematic of the arrangement of charged particles in a liquid gate transistor when a negative voltage
is applied to the gate electrode in a bare graphene channel (a) and a functionalized channel before (c) and after
(d) detection by an aptamer.

Positive ions are attracted to the gate electrode while negative ions are attracted to the graphene channel. (a) An
electrical double layer of water molecules forms between the graphene and the negative ions at the graphene
channel, effectively acting as a gate dielectric. (c) A functionalization process binds aptamers to the graphene
channel. These long strands of DNA possess a charge distribution that can affect the doping of the graphene
channel. (d) When a biorecognition event takes place, the aptamer changes its conformation, changing the
distribution of charges in the graphene channel vicinity, bringing, negative particles closer to the graphene
channel that add to the p-doping effect of the gate voltage. (b) The behavior of a functionalized GFET’s |-V curve
with aptamers when exposed to an analyte with targets. A right shift in the I,-V.. curve occurs in the CNP,

ds Vgs

indicating p-type doping when a biorecognition event occurs for this specific case. Adapted from [11].

2.1.6  Flexible Devices

A multitude of graphene biosensing applications have been developed, ranging from healthcare [86],
[87], food safety [88], and even gas sensors [53], capable of detecting small concentrations of target
molecules. Incorporating these biosensors into flexible devices allows for the development of wearable
[89] or even implantable [11] applications.

A wide variety of flexible substrates exist that one can utilize for the fabrication of GFETs, each with its
properties (Table 1). Among polymeric substrates, Pl is commonly chosen (Figure 15a,b) given its
flexibility, robustness, biocompatibility, and high glass-transition point that allows for a broader range of
fabrication processes. A wearable application of GFET biosensors in a Pl substrate has been realized

utilizing the liquid gate configuration, for example, for the detection of IL-6 inflammation biomarker on
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[89] by recurring to functionalization of graphene with aptamers, short strands of DNA capable of high
affinity and selectivity towards a target molecule. Showing a LOD of 10 pM, this device can detect small
concentrations of the biomarker, comparable to devices on rigid substrates. This was achieved by wet
transferring graphene onto a Pl-printed PCB with pre-deposited 50 nm of SiO2 (Figure 15a), which is
considered beneficial for increasing the transconductance and consistency of the devices. Interestingly,
in a different study [90] to record action potentials of living cells, it was shown that GFETs fabricated on
bare Pl on Si wafers showed significantly higher transconductances than those fabricated on wafers with
pre-deposited SiO, (Figure 17d), reaching 1.9 mS/V-m. The Pl was spin-coated twice in order to reduce
the surface roughness, achieving a 10 um thick layer, which might have contributed to the enhanced
performance of the transistors. GFETs on Pl have also been utilized to detect mi-RNA (Figure 15c) by
immobilizing DNA probes on graphene without the need for a linker or complicated functionalization
process [91]. A LOD of 10 fM was reached and high selectivity was shown towards the specific mi-RNA
associated with breast cancer. It was fabricated by wet transferring graphene onto the Pl substrate and
a subsequent patterning of Au electrodes by thermal evaporation.

Another important substrate utilized for the fabrication of flexible devices is the transparent and widely
used polymer PET. GFET based biosensors have been fabricated on top of this substrate with promising
results. For example, an olfactory detector was created on top of PET by utilizing GFETs based on plasma-
treated bilayer graphene functionalized with an olfactory receptor. An impressive LOD of 0.04 fM for amyl
butyrate, an odorant, was achieved in this liquid-gate flexible device. On [92], a top gate GFET based on
a nano-mesh of graphene was fabricated on PET and functionalized with aptamers for the detection of
the HER2 biomarker, important in the detection of breast cancer. The LOD reached 0.6 pM in real time
detection by measuring changes in the transistor’s drain current.

Other flexible substrates for graphene-based sensors have been utilized. In [88] a polyethylene
naphthalate (PEN) substrate was utilized for the fabrication of liquid gate GFETs functionalized with
aptamers for the detection of Hg in mussels. A LOD of 10 pM was achieved by monitoring the
transconductance change with varying concentrations of Hg. Another distinct substrate, Mylar (a type of
PET), was utilized in [93], for the fabrication of liquid gate GFETs. The graphene was functionalized for
the detection of cytokines, achieving a LOD of 2.75 pM and 2.89 pM for TNF-alpha and IFN-gamma. The
2.5 um thick flexible substrate allowed the device to conform to complex curved surfaces like the human
skin.

Furthermore, it is important for flexible devices to withstand bending and multiple bending cycles with

low performance degradation. In various studies, performance degradation is translated into small shifts
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in the CNP and small decreases of I, [89], [94] (Figure 15c), or small increases in channel resistance
[91].

The fabrication and configuration of these devices on flexible substrates is noteworthy. Several
characteristics of graphene-based flexible devices are summarized in Table 1. Although there is a wide
variety of applications, there is a clear tendency towards the usage of liquid-gate GFETs in biosensing, as
it allows for a simpler fabrication process while maintaining a large exposure of the graphene to the
analyte. Furthermore, the fabrication of the drain and source electrodes is typically done by thermal
evaporation of Au and patterning by lift-off. The thermal evaporation allows for the usage of more delicate
substrates. It also prevents damage to the graphene when the drain and source electrodes are deposited
on top of the 2D material. At the same time, the lift-off spares it from exposure to more aggressive
etchants that could modify it and avoid the problematic issue of etch stopping on 2D materials. There is
also a clear tendency toward the usage of graphene wet transfer techniques on flexible substrates,
presenting good reliability and providing good graphene coverage. However, they can hinder the scalability

of device production if one aims to produce large-scale.

Table 1 - List of several flexible graphene biosensors and their characteristics.

Electrode
Graphene Detection
Substrate Configuration Deposition/ Functionalization Target LOD REF
Transfer Method
Patterning

50 nm CVD
SiO, and
printed PCB
Liquid Gate IL-6
Pl - electrodes  Dirac point Aptamer 10 pM  [89]
(Integrated) biomarker
before
graphene

transfer

Au e-beam
Liquid Gate
Pl Wet Transfer evaporation on Dirac point DNA Probe (no linker) mi-RNA  10fM [91]
(External)
graphene

Au patterned
Liquid Gate before
Pl Bubbling Dirac point Pyrene-1-boronic acid Glucose 0.15 uM [94]
(Integrated) graphene

transfer

Inkjet Inkjet printed Anti-norovirus 0.1
Kapton Back Gate AC gain Norovirus [95]
printed silver antibody ug/mL
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graphene nanoparticle

ink ink on
graphene
Au thermal
Liquid Gate Amyl
PET Wet Transfer evaporation on  Current Olfactory receptor 0.04 fM [53]
(External) Butyrate
graphene
Liquid Gate  Silver Paste on
PET Wet Transfer Dirac point Glucose oxidase Glucose 3.3 mM [96]
(External) graphene
Au e-beam
evaporation
PET Wet Transfer Top Gate Current Aptamer HER-2 0.6 pM [92]
and lift-off on
graphene
Wet Transfer Silver Paste on  Current Lactate Oxidase
PET Resistor Lactate 0.08 uM [87]
and TRT graphene (non-GFET) Enzyme
Ovarian

Silver Paste on  Current
PET Wet Transfer Resistor None Cancer - [86]
graphene  (non-GFET)

Cells
Au thermal
Liquid Gate Transcondu
PEN Wet Transfer evaporation on Aptamer Hg 10 pM  [88]
(External) ctance
graphene
Dirac point
Au e-beam
and drain
Liquid Gate evaporation TNF-ac  2.75 pM
Mylar ~ Wet Transfer current Aptamer [93]
(Integrated)  and lift-off on IFN-y  2.89 pM
(time-
graphene
resolved)

— Before bending

- —12 mm, 5X —8 mm, 5X
~—12 mm, 15X —8 mm, 15X
<12 mm, 35X —8 mm, 35X

Figure 15 — GFET-based flexible sensors.
(a) Optical image of a flexible GFET-based sensor for IL-6 biomarker fabricated on Pl with a LOD of 10 pM. The
substrate was initially coated with 50 nm of SiO,. Adapted from [89]. (b) Image of a flexible GFET-based sensor
for MiRNA fabricated on Pl with a LOD 10 pM. (c) Evolution of the transfer curve of the GFET in (b) after multiple
bending cycles of 8 mm radius. (b),(c) Adapted from [91].
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The fabrication and performances of the graphene-based biosensors on flexible devices has been showing
promising results. The flexible nature and high sensitivity and selectivity of these devices is useful for Nls.
Over the years the applications of graphene have been rising, paving the way for the development of

graphene based NIs, addressed in the next section.
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2.2 Graphene-based Neural Interfaces

Stimulating and recording brain activity is crucial in understanding the brain's functioning and treating
underlying diseases. It can be achieved by designing devices capable of a high spatiotemporal resolution
for prolonged periods. Therefore, Nis are devices capable of recording and modulating electrical or
chemical brain activity, focusing on their biocompatibility, durability, and reliability. Designing these
devices poses many challenges, mainly due to the nervous tissue response to foreign bodies [97]. Also,
one of the critical elements of such devices is their flexibility, as mechanically matching the Nl's properties
to those of the tissue maximizes device longevity and minimizes mechanical damage to the surrounding
tissue [98]. Different challenges arise depending on different modalities for recording or modulating brain

activity. Graphene can help manage them.

2.2.1 The Neuron and Neurotransmitters

The human brain comprises roughly 86 billion neurons [1], [2] with various cellular sub-types that share
the same basic structure. A neuron is a cell typically comprised of different cellular compartments
including the dendrites, the soma, and the axon (Figure 16a), each possessing distinct functions and
membrane properties. Dendrites are connected to different neurons and are responsible for receiving
information input. They then connect to the soma, or cell body, where the nucleus is located. Finally, the
axon is the neuron branch in charge of outputting information to other neurons. Each connection of an
axon terminal to a dendrite is called a synapse, and each neuron can establish up to 5000 synapses with
other neurons [99], [100].

Neurons communicate with each other via electrochemical signals. Within a neuron, the communication
is electrical, propagating an electrochemical potential throughout the membrane (from the dendrites to
the soma and then to the axon) via ionic channels that can regulate ionic flux across the membrane
(Figure 16a inset). Communication between neurons is typically achieved through chemical signaling via
molecular messengers called neurotransmitters (electrical communication between neurons is also
possible through specialized connections called gap junctions, albeit less frequent). The release of
chemical signals is commanded by the electrochemical potential propagated along the neuron reaching
the synapse (Figure 16b). There is an interdependence between the two types of signals: electric signaling
leads to release of neurotransmitters which induce a new electrical signal in another connected neuron,

thus resulting in the transmission and processing of information between neurons.
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Neurotransmitters commonly have an excitatory or inhibitory effect on the target neuron, which can
promote or inhibit the activation of the neuron receiving these stimuli. They are released into the synaptic
cleft, a gap between the neuron outputting information and the one receiving it, with a size ranging from
10-25 nm [101]. Neurotransmitters are released from the presynaptic neuron and then bind with specific

molecular receptors in the postsynaptic neurons, inducing an electrical response [102].

Dendrites

Propagation direction
Figure 16 - Schematic representation of the neuron and the synapse.
(a) The neuron is typically comprised of the dendrites, soma, and the axon. (Inset) Propagation of an
electrochemical signal along the axon. (b) At chemical synapses, neurotransmitters are released in very small
quantities, being “sensed” by the postsynaptic neuron.

There are over one hundred known neurotransmitters and even more receptors. Neurotransmitters can
be categorized depending on their molecular properties in groups such as monoamines, amino acids,
purines, soluble gases, and peptides [102]. Although neurotransmitters’ function might vary at the neuron
level depending on different types of receptors at the dendrites, different roles can be addressed to each
neurotransmitter at a bigger scale. One example is dopamine, a monoamine with great significance in
the brain's function because it is involved in critical roles such as motor behavior and coordination,
motivation, and learning. Dysfunctions of its levels or dynamics underlie several brain disorders, including
Parkinson's Disease, Alzheimer’s Disease, schizophrenia, attention deficit hyperactivity disorder, among

others [103].

2.2.2  Neural Activity Recording

Brain activity is electrochemical, so interdependent electrical and chemical processes are taking place
for the brain to function correctly. As such, monitoring brain activity can focus on detecting either.

Electrical recording techniques focus on detecting electrical potentials or currents due to electrical activity
in the brain. These technigues vary in invasiveness and spatiotemporal resolution, typically inversely

proportional. For example, electrical recording of brain activity is done mainly by using capacitive
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electrodes near the target tissue or cells. Microelectrode arrays of metallic conductors on silicon
substrates or brain mesh electronics [104] provide good spatiotemporal resolution in exchange for
invasiveness, allowing electrical activity from dozens to hundreds of individual neurons in the brain [97].
Neural interfaces have utilized GFET configurations to perform successful electrical brain activity
recordings [90], [105]. Taking advantage of the intrinsic amplification of the transistor configuration,
based on the graphene electrical properties conferring high transconductance, operation at low gate
biases up to 100 mV are possible. Implantable applications of these GFETs is enabled as the low biases
do not pose a risk of damaging the biological tissue. GFET-based devices have been accomplished in Pl
on silicon [90] and bare PI [105], [106], [107], exhibiting transconductances higher than on other
substrates (Figure 17). Like in other flexible GFET integrations, after repeated bending cycles, a slight
decrease in transconductance and, thus, performance was detected [105] (Figure 17a,b). In one of the

studies, the GFETs showed higher SNR than platinum (Pt) electrodes of similar size [107].
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Figure 17 — GFET-based neural interfaces.

(a) Device with liquid gate GFETSs fabricated on Pl bent in a convex shape, immersed in electrolyte with the
external gate electrode. [105] (b) Source-drain current of the device in (a) as a function of the applied gate
voltage for flat (blue), concave (orange), and convex (yellow) bend conditions. It is possible to observe a negligible
influence of the bend in the characteristic curve of the devices. [105] (c) Schematic of a liquid gate GFET array
fabricated in [106]. The device was fabricated on top of a Pl substrate. Conductive tracks were made of gold, and
the graphene was transferred via wet transfer, followed by patterning. No gate electrode was integrated into the
substrate, and an external gate electrode had to be utilized. (d) Comparison plot of channel area normalized
transconductance versus the W/L ratio of the GFETs in [90]. GFETs fabricated on Pl on silicon and SiO2 on
Silicon are depicted by orange triangles and green squares, respectively. Colored areas denote the distribution of
points for each type of GFET respectively. Purple points represent the GFETSs fabricated on sapphire. The purple
square refers to the GFETs fabricated in the study, and the purple star represents the best GFET fabricated at the
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time of publication. The black circle denotes the best GFET in terms of normalized transconductance. GFETs
fabricated on Pl tend to provide a higher transconductance throughout the W/L ratio. Adapted from [90].

Recording of chemical activity in the brain is typically more complex than electrical. For example,
neurotransmitters are released in very small quantities. A high sensitivity is crucial for probing their
release and concentration in brain tissue. Furthermore, biological mediums as the brain are comprised
of different molecules and cells and include many different neurotransmitters in one single area.
Consequently, chemically similar molecules exist in the human brain and telling them apart can be
challenging, as in the case of dopamine and levodopa. Sensor selectivity is thus necessary so
measurements can be reliable.

Sampling of brain fluid can be a viable option for probing neurotransmitters concentration. Microdialysis,
for example, relies on microfluidic channels implanted into the brain and can be used for neurochemical
sensing. In [108], a Si microdialysis probe with a cross-section of only 45 umx=180 pum was fabricated.
The probe was comprised of a microfluidic inlet and outlet terminating in a porous membrane at the
sampling area. It managed to acquire samples from mice brains, later analyzed by liquid chromatography-
mass spectrometry, revealing detection of 14 different neurotransmitters. Nevertheless, this kind of
approach usually relies on external methods for analyzing the samples, which can be time consuming
and not suitable for real-time monitoring.

Electrochemical methods allow for better temporal resolution and are utilized to detect electroactive
molecules. Cyclic voltammetry is an example of a technique that detects redox reactions of the target
molecules at electrodes when a varying voltage is applied. The voltage at the working electrode is swept
forward and backward (resembling a triangular waveform), which creates a characteristic |-V curve for
each molecule as the reactions occur. Fast-scanning cyclic voltammetry is a similar technique that can
provide higher temporal resolution [109] by utilizing faster scanning potentials. These two techniques still
fall short in selectivity compared to other emerging techniques. In [110] a fast-scanning cyclic
voltammetry approach was utilized for detection of dopamine in living animals utilizing carbon fiber
microelectrodes. A LOD of 0.96 nM was achieved in vitro, enabled by the developed sawhorse scanning
potential, which contrasts with the typically used triangular waveform. A recent study [111] managed to
fabricate an implantable array of glassy carbon microelectrodes with a Pl substrate for simultaneous
electrochemical detection of dopamine and serotonin. The device managed a LOD of 10-200 nM for both
neurotransmitters by detection of different oxidation and reduction peaks of both molecular specimens.
Enhancing the selectivity of electrochemical sensors can be achieved by the utilization of molecules with

high specificity. Enzymes have been immobilized on electrodes to promote selectivity towards
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neurotransmitters. In [112], glutamate oxidase immobilized on an Au electrode was used to decompose
glutamate, an abundant neurotransmitter. Electrons formed during the reaction between glutamate and
the respective enzyme were measured to infer the neurotransmitter's concentration, reaching a LOD of
5 um.

Aptamer-based sensors are also viable options for chemical sensing due to their high affinity and
specificity [113] and can take different approaches [114], including the integration in GFETs [10]. This
biorecognition method presents higher selectivity than cyclic voltammetry, although temporal resolution
still lags. The implementation of aptamers for the simultaneous detection of dopamine and serotonin was
achieved in [115]. In,0, transistors were functionalized with dopamine and serotonin specific aptamers,
which modulated the drawn current upon binding with the corresponding neurotransmitters. The achieved
device was highly flexible due to the 1.4 um thin PET substrate while at the same time presenting a LOD
of 10 fM. Finally, a recent study [11] has accomplished an implantable GFET-based sensor functionalized
with dopamine-specific aptamers (Figure 18), similar to [10], with 10 pM LOD of dopamine, an upper
limit of 100 uM, and high selectivity. It was fabricated on a 76 um thick flexible Pl substrate via wet
transfer of CVD-grown graphene and magnetron sputtering of gold (Au) contacts and later implanted in
mice. Demonstration of detection /n vitro, ex vivo, and in vivo was possible, with the latter being
pharmacologically evoked via a microfluidic connection to the implantation site, although not part of the
device. It utilized the modulation of the graphene drain-source current due to the binding of the aptamers
to dopamine to infer its concentration. This study has proven the viability of GFET biosensors on flexible

substrates for implantable neural interfaces for neurochemical recordings.
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Figure 18 — Implantable and flexible GFET neurotransmitter sensor.

(a) Schematic illustration of the implantable and flexible GFET aptamer-based sensor for dopamine. SU 8 was
utilized as a passivation layer, exposing only the graphene channels. Chromium (Cr) was used as a seed layer for
the Au tracks. (b) Optical image of the implantable device on a 76 um PI substrate, with a total weight of 31 mg.
(c) Time-resolved response of the device to different dopamine concentrations in vitro. The response is defined as
the variation in drain-source current, Al 4, divided by the initial current, I, before the addition of dopamine. The

measured on and off times were 2.09 s and 5.38 s, respectively. (a), (b), (c) Adapted from [11].
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2.2.3  Neural Activity Modulation

One can achieve brain activity modulation by various techniques. Pharmacological modulation is based
on utilizing drugs to modulate brain activity. This is complicated due to the blood-brain barrier
impermeability to most substances. Thus, techniques for directly delivering the drugs to the target area
have been developed. These usually rely on microfluidic channels inserted into the brain, managing to
contact the target area and release the drugs directly [116]. For example, in [117], a microdialysis probe
was fabricated with push-pull microfluidic channels for both drug delivery to the brain and sampling of
fluid (Figure 19a). Successful stimulation of tissue was achieved, confirmed by measuring electric signals
with iridium electrodes after delivering KCI onto the tissue.

Magnetic methods can also be utilized. They utilize electromagnetic induction to influence the firing of
nearby neurons by generating electric currents inside the brain. It allows for non-invasive modulation as
the induction effect can occur at a distance without needing a physical connection, albeit neurons cannot
be targeted individually [118]. In [119], a submillimeter sized inductor was utilized to demonstrate
magnetic stimulation of tissue in mice with higher targetability. It was fabricated by utilizing a commercial
surface-mount device coil and attaching it to insulated copper wires for powering. The magnetic induction
device was implanted in the dorsal cochlear nucleus of mice, and stimulation was verified by placing
recording electrodes at the inferior collicus — both brain regions part of the auditory pathway of mice. A
more recent study [120] managed to microfabricate implantable Cu microsolenoids only 80 um x 40
um in footprint and coated in Parylene-C for biocompatibility (Figure 19b). They managed to induce
stimulation ex vivo, in acute transgenic mice brain slices, verified by calcium imaging.

Using ultra-sounds has also proven effective in modulating brain activity non-invasively. This technique
focuses ultra-sounds in small brain areas and can achieve excitatory or inhibitory brain activity behavior
[121]. In [122] a focused ultrasound transducer was utilized for brain activity stimulation, tracked by
simultaneous functional magnetic resonance imaging. The experiments were completely non-invasive,
and no damage was done to the alive animal test specimen. High spatial resolution was achieved in [123]
by utilizing a dual setup of focused ultrasound transducers. The sonic beams were aligned to focus the
ultrasounds on a small brain region, achieving a focal volume of only 0.52 ums, capable of stimulating
the habenula of mice. Micron-sized ultrasound transducers have also been fabricated in [124]. The
fabrication process entailed the usage of a piezoelectric layer and patterned electrodes by
microfabrication techniques, achieving a transducer membrane of only 500 um of with and 55 pum
thickness (Figure 19c). Although not used for stimulating brain cells, the small footprint of the device

managed to stimulate cells in vitro with high spatial resolution, verified by calcium imaging.
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Electrodes have been extensively used to apply sufficient voltage to specific brain regions and modulate
activity. These techniques are more invasive, requiring proximity between the electrode and the target
brain area. Electrodes have been utilized in humans, for example, to treat conditions such as epilepsy.
Deep brain electric stimulation with electrodes aided in reducing the frequency of seizures [125]. To
minimize invasiveness, transcranial electrode arrays have also been utilized for brain stimulation, as in
[126]. By activating different combinations of electrodes, the applied electric fields were sculpted to target
specific brain regions of the motor cortex of mice. The array of electrodes was fabricated utilizing standard
flex-PCB technology. Graphene has also been utilized to fabricate electrodes for brain stimulation. In
[127], graphene fiber electrodes were achieved by reducing suspensions of graphene oxide. The
electrodes were then utilized for brain stimulation with simultaneous functional magnetic resonance

imaging. The graphene fiber electrodes produced little imaging artifacts compared to metal ones.

Light can also be utilized to modulate brain activity; the next section will be dedicated to it.

Figure 19 — Devices for brain activity modulation by microdialysis, magnetic induction and ultrasounds.

(a) SEM image of microdialysis probe in [117], with visible microfluidic channels inlet and outlet, as well as built-
in recording microelectrodes. (b) 3D Schematic of microfabricated probe with microsolenoids in [120]. The
applied magnetic field stimulates nearby neurons by inducting a current. (c) Angled SEM image of the array of
microfabricated ultrasound transducers in [124]. The dashed yellow rectangle delimits a single transducer. The
electrodes deliver the necessary voltage to oscillate each membrane.

2.2.4  Optogenetics

Optical brain stimulation uses photons delivered in a specific wavelength to targeted brain areas
containing modified light-sensitive neurons. This modality of brain stimulation is called optogenetics and
is made possible by expressing microbial light-sensitive proteins called opsins in target cells.
Chlamydomonas reinhardtii Channelrhodopsin-2 (ChR2) and Natronomonas pharaonis halorhodopsin
(NpHR) are two of the most significant opsins. ChR2 is a non-selective cation channel that, when

expressed in the membrane of a neuron, can excite it if hit by blue light with a wavelength near 470 nm.

32



NpHR is a chloride ion pump that can inhibit the firing of a targeted neuron when hit by yellow light with
a wavelength near 580 nm [128], [129] (Figure 20a). Expression of these proteins in neurons is mainly
achieved by genetically manipulating the organism or by viral gene delivery, utilizing viral vectors encoding
the opsins. These opsins have fast kinetics, allowing for selective modulation of brain activity. Compared
with other stimulation methods, optogenetics offers high targetability of specific neuron sub-types via
genetic manipulation and allows for easier integration in multimodal devices that utilize electrical
transduction. Nevertheless, its use in humans raises concerns due to ethical matters with respect to
willingly introducing genes encoding opsins into neurons. However, in a recent study, optogenetics was

used in the human retina to restore vision in a blind patient for the first time [130].
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Figure 20 — Opsin responses and ULED integration in Nls.
(a) Response of ChR2 and NpHR to light of different wavelengths. They present distinct peaks which allow for
individual activation of each opsin. Adapted from [129]. (b) Monolithic integration of uLEDs in a silicon probe.
Each uLED can output 60 nW of power [131]. Gallium nitride was used for blue light emission. Adapted from
[132]. (c) Schematic of a neural interface with 16 mounted puLED arrays on a Pl substrate. Each uLED has
dimensions of 220 pm * 270 um * 50 um. Adapted from [7].

Methods for delivering light to the brain vary, but studies typically use strategies including fiber optics
[133], [134], waveguides [135], mounted [7] (Figure 16c), or built-in [131] (Figure 20b) uLEDs
depending on the application and type of neural interface [136]. Fiber optics were the first to be utilized
and stand out for their simplicity and bulkiness. This approach fails to provide a high density of light-
delivering sites, as one optical fiber is usually needed per site, although multicore tapered fibers have
been developed [133]. Also, integration with other recording modalities requires complicated handling
techniques [132], [137]. Waveguides, on the other hand, can deliver light to multiple sites without
compromising devices' dimensions [138]. They are easier to integrate with other modalities as they can
be accomplished with standard microfabrication techniques [139]. Like fiber optics, waveguides require
an external light source, such as a solid-state laser or a high-intensity LED, implying a physical connection
to the outside of the brain. However, some applications have been developed where LEDs or laser diodes
are used as light sources built into the device, but still placed outside the brain [134]. Contrarily, uLEDs

bring the advantage of not needing an external light source and present low power consumption. They
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enable multi-site light delivery with individually addressable uLED arrays [140]. However, built-in ones
are difficult to fabricate and require substrate-dependent optimization, and mounted types suffer from
complex assembly techniques. In the built-in pLED versions in [131], an Si substrate was utilized for the
fabrication of the device. Multiple layers of different materials were deposited and lithographically
patterned, making fabrication complex. Furthermore, the efficiency of the uLEDs was very small, with
only 1.1% of the inputted power reaching the neurons in the form of light. Authors state that utilizing
sapphire substrates could increase the efficiency of the device, emphasizing the substrate-dependent
optimization needed. In [7], the mount-type uLEDs were assembled by creating an SU-8 slot where the
glue was deposited so the component would stay in place. The amount of glue was critical as too much
glue would overflow and damage the device, and too little would not fixate the component. Later, the
ULED was wired and bonded to the rest of the substrate, and the connections were covered with silicone.
This resulted in a bulky assembly unsuited for deeper brain implantation. Also, having the light source
close to the delivery site, although enabling high light intensity, poses a risk of damaging the tissue due
to the heat generated by the pLED operation [8].

In this type of applications where optical stimulation is used, transparency of the utilized materials is
essential to prevent the creation of photoelectric artifacts or even improve light transmission [141].
Graphene is a promising material for use in transparent neural interfaces and has been utilized to
fabricate transparent electrodes proven to provide high transmittance [142] (Figure 21). Light-induced
artifacts can also be suppressed by utilizing graphene as a conductive electrode [143] (Figure 21c).
However, lower-quality graphene can produce unexpected artifacts due to defects or residues from the

fabrication process.
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Figure 21 — Graphene electrode's optical and electrical advantages.
(a,b) Maximum intensity projection of optical coherence tomography angiogram showing cortical vasculature
through a platinum micro-electrocorticography device (a) and a similar device utilizing graphene electrodes (b),
fabricated on Parylene-C substrate. Adapted from [142]. (c) Artifact amplitude as a function of irradiated light
pulse intensity for gold microelectrodes (blue) and graphene microelectrodes (red). The artifacts are negligible for
the graphene electrodes [143].
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3. MATERIALS AND METHODS

3.1 General Methods

3.1.1 Optical Microscopy

Optical microscope (OM) images were acquired in two different types of OMs. Images taken inside the
cleanroom utilized a Nikon Eclipse L200N equipped with 1x, 2.5x, 5x, 10x, 50x, and 100x zoom lenses
and a motorized stage. The motorized stage was used to perform scanning of large images where different
images were acquired at adjacent locations and stitched by software. Images taken outside the cleanroom
utilized a Motic PSM-1000 microscope equipped with 10x, 50x, and 100x zoom lenses and a mechanical

stage.

3.2 Wafer Fabrication

3.2.1 Plasma-Enhanced Chemical Vapor Deposition of SiO,

An SPTS CVD MPX plasma-enhanced chemical vapor deposition (PECVD) system (Figure 22) was utilized
to deposit SiO, conformally on Si wafers. A 500 nm SiO, thin film was deposited at 300°C and 30 W
power plasma, in a vacuum pressure of 900 mTorr, with 1420 sccm N,O, 10 sccm SiH, and 392 sccm

N, flows, for 10 minutes and 37 seconds.

Figure 22 — Utilized SPTS CVD MPX system.
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3.2.2

Spin Coating of Polyimide

A spin-coating procedure was done to achieve PI layers. A Polos Spin200i system was utilized to spin-

coat PI2611 (HD Microsystems) (Figure 23). This precursor comprises polyamic acid precursors

dissolved in a n-methyl-2-pyrrolidone-based solvent carrier. The Pl precursor was stored at -20°C and left

at room temperature for 12h before spin-coating. The process for creating a Pl layer can be divided into

four steps: adhesion promoter application, Pl precursor spin-coat, soft-bake, and curing, described in

more detail below:

1.

To promote adhesion between the Pl and the underlying substrate, the VM-651 (HD
Microsystems) adhesion promoter was diluted in H,O to form a 0.1% (V/V) solution. The wafer,
already placed in the spin-coater, aligned, and fixed onto the vacuum holder, was covered with
the adhesion promoter solution while static and left for 20 seconds. A spin dry procedure followed
with a 3-second ramp and 30 seconds at 3000 rpm speed to remove the solution.

Without removing the wafer from the spin-coater, the Pl precursor was manually dispensed at
the center of the wafer. The precursor was left idle for 30 seconds, followed by a 3-second ramp
and 30 seconds at 500 rpm, for spreading it on the wafer. Finally, to achieve the desired
thickness of the precursor, the spin-coating process continued with a 6-second ramp from 500
rpm to 3712 rpm, and this speed was maintained for 30 seconds.

The soft-bake procedure starts by pre-heating a hotplate to 70°C and baking the wafer for 180
seconds, followed by a slow ramp of 2-4°C up to 170°C, where the temperature is maintained
for another 180 seconds.

The final curing took place in a Memmert UFE400 furnace with a 2-hour ramp from room
temperature up to 250°C. This temperature was held for 14 hours to fully convert the precursor

into Pl and evaporate the solvent carrier.
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Figure 23 — Utilized setup for spin-coating of the PI film.
(a) Setup located in the fume hood. Two different hotplates are utilized for the different soft-bake moments. (b)
Utilized furnace for the curing of the spin-coated PI films.

3.2.3 Lithographic Patterning

The lithography procedure was done to create a pattern in photoresists. Patterns were defined by digital
drawings created in AutoCAD 2023 and exported as a *.dxf file (DXF is a Drawing Exchange Format). The
utilized photoresist was the positive photoresist AZ 1505 (MicroChemicals), and the utilized developer
was the AZ400K (MicroChemicals) in 1:4 proportion. The spin-coating and development of photoresists
was done in a SUSS Microtek Gamma Cluster system, which is an automated spin-coater and developer.
The utilized lithography system was the Heidelberg Instruments DWL 2000, a high-resolution, laser-based
maskless optical lithography system capable of achieving features as small as 700 nm and writing on
200 mm wafers (Figure 24).

The lithographic patterning process consists of three steps: spin-coating of the photoresist, exposure, and

development, detailed below:

1. The spin-coater of the Gamma Cluster is utilized to dispense AZ1505 photoresist on the wafer
and achieve a thickness of either 600 nm or 1035 nm by utilizing 3500 rpm or 1000 rpm for 30
seconds, respectively, followed by a soft bake at 100° C for 60 seconds.

2. According to the defined drawings, the wafer with the spin-coated photoresist is placed in the
DWL 2000 for exposure. Using alignment marks, an alignment procedure is performed for
lithography on top of already patterned layers. The focus position and laser intensity are regulated
according to the defined parameters updated monthly by the cleanroom technicians.

3. The already-exposed wafer is placed in the Gamma Cluster once again to develop the photoresist

in AZ400K developer. The developing time depends on the thickness of the photoresist. As such,
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either 60 seconds or 120 seconds are utilized for 600 nm and 1035 nm thicknesses,

respectively. The wafer is then washed with DI water and spin-dried.

Figure 24 — Systems utilized in photolithographic processes.
(Left) Utilized SUSS Microtec Gamma Cluster system for spin-coating of photoresists of different thicknesses,
(Right) Utilized Heidelberg DWL 2000 system for lithography patterning of the photoresist.

3.2.4 Material Sputtering Tools Kenosistec and Timaris

Two different physical vapor deposition (PVD) systems were utilized for material sputtering. The
Kenosistec Sputtering system was utilized for the sputtering of Cr and Au layers, consisting of a UHV
deposition chamber with 11 magnetrons in confocal geometry (although only one was utilized), allowing
for co-deposition of materials on wafers of up to 200 mm in diameter. Before the sputtering onto the
target wafer, a deposition of the materials was done on a dummy wafer to clean the target. First, the
deposition of Au was always preceded by a deposition of a Cr layer to improve adhesion. The sputtering
time was varied to achieve different layers’ thickness.

The Singulus Timaris Four-Target-Module was utilized for the sputtering of AISiCu alloy in UHV, with the
aid of a single magnetron. The sputtering time was varied to achieve the desired thickness of AISiCu layer

and a soft pre-etch was performed to aid in the adhesion.
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3.2.5 Reactive lon Etching

For dry etching of the PI films, a Reactive lon Etching (RIE) STPS APS system was utilized. The etching
was achieved under a 25 mTorr atmosphere, with 20 sccm CF, and 80 sccm O, flows, and a plasma
created by a 13.56 MHz coil and platen with 1200 W and 70 W of power applied, respectively. The
etching was done in steps, to allow for topography measurements described in section 3.2.8 to control

the etched depth.

3.2.6  Selective SiO, Dry Etching

The selective etching of SiO, was accomplished in a SPTS Primaxx system by employing multiple cycles
of a stabilization, etch and pump sequence. The sequence starts by stabilizing the atmosphere at a flow
of 1425 sccm of N,, together with 210 sccm of ethanol flow for 2 minutes, followed by 10 minutes under
this same flow plus 190 sccm of HF. The atmosphere is then evacuated for 30 seconds, and the cycle

repeats three times.

3.2.7 Film Thickness Interferometer Measurements

For the measurement of transparent thin films, an OPM Nanocalc UV-NIS system was used. Prior to any
measurement, the system was calibrated and aligned to each wafer. The system worked by fitting the
interferometer data to achieve an estimate of the film’s thickness, after defining the rough structure of
the wafer’s layers in the software. Measurements were done in pre-set points to achieve a map of the
thickness, t, as a function of the position, in a total of 21 points. A value for the uniformity of the film was

calculated, Nynir, dependent on the average thickness, tgperqge, and maximum and minimum

measured thicknesses, ty,qx and t,in, respectively, as expressed in Equation (1).

taverage - maX(Itaverage - tminl: |taverage - tmaxl)l % 100 (%) Equation (1)

Nunif =

taverage

3.2.8 Mechanical Profilometer Measurements

A KLA Tencor P-16+ contact profilometer system was used to perform profile measurements. The wafers

were mounted in a motorized stage and held in place by a vacuum chuck. The scanning tip was then
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lowered until it touched the wafer to “focus” the instrument. The motorized stage moved the wafer to the
desired position to begin measurements. Sections of 500 um were analyzed at a sampling rate of 200

Hz, while applying 2 mg force, with a scanning speed of 100 um/s.

3.2.9 Scanning Electron Microscopy

For scanning electron microscope (SEM) image acquisition a FEI NovaNanoSEM system was utilized,
prepared to accommodate 200 mm diameter wafers. The electron accelerating voltage was set to 2 kV
and two different detectors, Everhart-Thornley Detector (ETD) and Through-Lens Detector (TLD), were

used for magnifications smaller or bigger than 1000x, respectively.

3.2.10 Transmittance Measurements

A PerkinElmer LAMBDA 950 UV-VIS-NIR Spectrophotometer was used for transmittance measurements
of PI thin film (Figure 25a). The system was first calibrated by acquiring a baseline curve for correction

purposes. The samples were then mounted onto the device's support (Figure 25b), and the transmittance

measurements were done in 1 nm light wavelength decrements from 800 nm down to 250 nm.

Figure 25 — Transmittance measurement setup.
(a) Utilized system setup for the acquisition of transmittance data. (b) Mounted PI film on the custom-made
support for the measurements.
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3.3 ULED Mounting

3.3.1 pLEDs

Two types of flip chip uLEDs, the LA HB12FP1 and the LA UBO6FP2 (Light Avenue), were utilized. Their

main characteristics are shown in Table 2.

Table 2 - Main characteristics of the utilized pLEDs.

MLED LA HB12FP1 LA UBO6FP2
Chip Size (um) 150 £30 x 300 £+ 30 89 + 20 x 150 £+ 20
Chip Height (um) 80 + 20 80+ 15

Bond Pad Size (um) 75+ 15x100+ 15 37+ 10x53+10

Forward Voltage 3.2V@20mA 26V@1mA
Radiant Power 20mW @ 20 mA 15med @ 1 mA

The LEDs are packaged in blue tape with contacts facing away from the glue. They were moved from the
package manually by utilizing a tweezer and placed near the mounting site, aligned with the desired
features. In the case of the smaller uLEDs, LA UBO6FP2, an intermediate step was necessary between
removing the device from the package and onto the mounting site as glue residues from the blue tape
were left on its surface and complicated handling. This intermediate step was the immersion of the uLEDs
in a droplet of isopropanol (IPA) that would remove these residues. After evaporation of the liquid, easier

handling with tweezers onto the mounting site was possible.

3.3.2 Stamping, Picking and Placing

For mounting the uLEDs on the substrate with conductive glue, a wire-bonder TPT HB 16 with pick-and-
place capability was utilized, with the aid of custom tips for stamping, picking, and placing. The conductive
glue utilized was the Ablestik ABP 8037 Tl (Loctite), which is an adhesive filled with silver particles that
grants conductivity and is heat cured. It was maintained at -20°C and left to thaw for at least 1 hour
before use. The utilized custom tips were ordered from SPT Roth Ltd, one for stamping (Figure 26c) and
one for picking and placing the uLEDs (Figure 26d).

In the case of small chips, an appropriate holder of the TBT HP 16 was utilized (Figure 26a), although in
the case of full wafers a custom holder was assembled in acrylic (Figure 26b). First, the stamping tip was

assembled in position (Figure 26c¢) and a drop of conductive glue was dispensed near the mounting site,
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for the stamping of the glue onto the pads. Only after this step, the first tip was replaced by the pick-and-

place tip and the vacuum tube connected to its top end (Figure 26d). The uLEDs were then placed near

the mounting site and manually aligned with tweezers, followed by the pick-and-place procedure.

Figure 26 — System utilized for stamping and pick-and-place procedures.
(a) Chip holder for operation in the TPT HB 16. (b) Custom acrylic wafer holder. (c) Stamping tip mounted on the
TPT HB 16. (Inset) Profile OM image of the stamping tip. (d) Pick-and-place tip mounted on the TPT HB 16. At
the top the vacuum tube connection is observable. (Inset) Profile OM image of the pick-and-place tip.

3.3.3 Transparent UV-Cured Adhesive

The UV-glue utilized for dispensing on top of already-mounted puLEDs was 8424 UV (IQ BOND) and was
applied by utilizing a custom-made tip in the TPT HB 16 system. High intensity UV light was used for

curing the glue for 5 seconds.
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3.3.4 Soldering uLEDs to Wafer

To mount the pLEDs via soldering, solder paste 4860P (MG Chemicals) was first utilized. It is a
Sn63/Pb37 solder paste of Type 3, meaning it is comprised of particles between 25 pm and 45 um.
The recommended temperature for soldering reaches 225°C. By utilizing tweezers and a microscope,
solder particles were placed on top of the pLEDs’ electrodes and Au tracks of the fabricated wafers,
followed by heating on a hotplate.

To expose the samples to lower temperatures, Sn42/Bi57.6/Ag0.4 solid core solder wire (Chipquik) was
also used. It was scrapped against a glass slide to achieve small pieces, adequately sized about the tracks
where mounting was expected. This solder could be used at temperatures lower than 150°C, with its
melting point at 138°C. It was applied both in bare Au tracks and in Au tracks covered by electroplated

Ni.

3.3.5 Ni Electroplating

To test the compatibility of soldering to a wafer with a Ni layer, a custom electroplating setup was devised
(Figure 27) to achieve a Ni layer on top of the already present Au tracks on the wafer without needing a
more complicated process.

For this, a NiCl electrode in contact with a NiSO, solution with an undisclosed concentration was utilized
as the electrolyte to create an electrolytic cell. An external power supply was utilized to provide the driving
force for the reaction to occur, with a -4 V voltage being applied to the Au tracks where one wanted to
deposit the Ni, while the anode was connected to ground. With a marker, a region on top of the wafer
was delimited and a drop of the electrolyte solution was placed in the middle. Due to the hydrophobic
nature of the marker’s ink, the droplet would stay in place. The negative voltage was applied at the Au
tracks, outside of the droplet zone and the ground was connected to the electrode touching the droplet.

The electroplating took place for approximately a minute.
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Figure 27 - Utilized electroplating setup.
To start the electroplating, the cathode is connected to the negative voltage of the power supply, whilst the anode
is connected to the positive one while in touch with the electrolyte. Notice how the ink prevents the droplet from
spreading.

3.3.6 uLED IV Curve Acquisition and Optical Power Measurements

The setup comprised a Keythley 2400 for power supply and voltage measurement, a Thor Labs S121C
photodiode power sensor, a Thor Labs PM101 power meter, and Thor Labs Optical Power Monitor
software for optical power measurements (Figure 28b).

Two micromanipulator tips connected to the power supply were in electrical contact with the tracks
connected to the uLED electrodes. The sensor was connected to a computer with the required software
installed and configured for 450 nm wavelength light. To align the photodiode power sensor to the uLEDs,
these were first powered with a current of 20 mA. The sensor was moved in plane until the measured
power output was maximum for that given current, meaning correct alignment was achieved. As the
ULEDs were mounted on a wafer and the circuit was subject to Au track’s resistance, Rr,qck, and contact
resistance, Rcontact, D€tWeen the device and the tracks, these needed to be considered, as denoted in
Figure 28a. The |-V and the Optical-Power-l point present in the datasheet (TABLE) for I = 20 mA was
utilized. Initially, the power supply was utilized as current source and set to I = 20 mA, and it was
assumed that the voltage between the uLED’s pads was V;gp = 3.2 V. The resulting voltage present at
the two ends of the circuit was then used to calculate the resistance associated with Rrorqr =

2(Rrrack + Rcontact)- Different voltages were then applied to the circuit's ends, the current was
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measured and V;gp was calculated considering Rrotq;- FOr each of these points, the measured optical

power, Popticar, Was registered.

3 Rrrack
RContact
Vi g VLED C%\
Reontact _ ~
Rrrack

Figure 28 — Setup for ULED related measurements.

(a) Schematic of the circuit comprised of the ULED, the Au track and contact associated resistances, and the
voltage source. For the initial measurement, the voltage source was substituted by a current source. (b) Utilized
setup for simultaneous measurement of I, V; gp, and Pyp¢icqr- The photodiode was aligned with the pLED by

moving the former in-plane until the measured Py jcq Was maximized. (Inset) The micromanipulator’s tips

were in contact with the Au tracks connected to the pLED away from the photodiode and thus, a significant track
resistance was associated.
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3.4 Graphene Dry Transfer

3.4.1 CVD Graphene Growth

Continuous graphene samples were grown by 2D Materials and Devices' researchers at INL facilities in
an EasyTube ET 3000 CVD system made by CVD Corp., USA.

Two types of continuous graphene samples were prepared, differing only in the pre-CVD process. The
first type (OxGr) of samples consisted of mostly monolayer continuous graphene with few nucleation sites
while the second type (noOxGr) possessed a high number of regions of multilayer (>1 layer) graphene
with a large density of nucleation sites. Both were grown on 25 pum thick Cu (99.99+% purity) foils with
varying sizes and chemically treated by immersion in a dilute solution of FeCl, and HCI to remove surface
impurities and reduce rugosities. The OxGr samples had the Cu foil pre-oxidized on a hotplate at 250° C
for 20 minutes to create a Cu oxide surface (Figure 29) and reduce nucleation sites during graphene
growth while the noOxGr samples did not. Graphene growth followed on these Cu foils by placing them
inside a three-zone quartz tube furnace. The growth process started by evacuating the chamber to
approximately 10 mTorr and then filling it with 250-sccm Ar and 170-sccm H gas mixture. Once the
growth temperature and pressure were reached, the carbon precursor was introduced into the chamber

(1.25 sccm CH.). Graphene growth was carried out at 1040 °C and 6 Torr for 1 hour on both sides of

the copper foil.

Figure 29 — Appearance of the 25 pum thick Cu foil before (1), after 5 minutes (2) and after 20 minutes (3) of
being heated on a hotplate at 200° C.
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3.4.2 Wet Transfer

Graphene wet transfer was achieved similarly for both types of OxGr and noOxGr samples. It followed a
similar process to the one depicted in (Figure 5). First, PMMA was spin-coated on top of the as-grown
graphene/Cu samples and let to dry overnight. To prepare for the etching of the substrate, the backside
of the sample is etched for 1 minute in an O, plasma to remove graphene grown on this side that would
prevent the etchant to come into contact with the Cu. Next, the PMMA/graphene/Cu stack was left afloat
on a 0.5M FeCl; solution for 2 hours until all the metal was dissolved, with only PMMA/graphene
remaining. The stack was then scooped with a fishing tool, comprised of an Si wafer, and moved onto a
container with DI water for 5 minutes, followed by a second scoop and transfer onto an HCI 2% (w/v)
solution for 20 minutes to remove leftovers from the first etching solution. The operation is repeated
twice, each utilizing fresh DI water to reduce contamination of the target substrate. After scooping the
graphene onto the target substrate, the PMMA/graphene/substrate stack was then left to dry at an angle
overnight, as a thin DI water layer remained intercalated between the graphene and the substrate. Leaving
the stack at an angle eases the water removal by gravity. The final step was the removal of the support
PMMA layer by immersing the stack in acetone for 2 hours, followed by immersion in IPA to remove the

solvent’s leftovers, and finally, the remaining graphene/substrate stack was blow-dried by N, gas flow.

3.4.3 Water Intercalation

The simplest approach utilized to induce oxidation of the graphene interface was water intercalation. This
was mainly achieved by immersion of the graphene/Cu samples in DI water containers at room
temperature. The containers were covered to protect them from airborne particles or contaminants, for
a varying period. Occasionally, the DI water was heated to 50° C. An alternative method was also utilized,
based on water vapor saturation. The graphene/Cu samples were left inside a tin and placed inside a
furnace at 50° C for varying time intervals. The tin had DI water and the graphene/Cu samples were
placed on top of a platform to keep them dry (Figure 30). A lid was used to cover the tin and a cloth

placed at the bottom of the lid so condensed water would not precipitate on top of the Cu/graphene.
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Figure 30 - Utilized setup to achieve water vapor oxidation inside the furnace.
The lid and platform were custom made in 5 mm thick acrylic.

3.4.4  Laminator Approach

Blank water transfer printing foils were purchased from Stardust Colors and consisted of a 25 pum thick
PVA sheet attached to a white support paper. The utilized laminator was the commercially available Akiles
Pro-lam photo 6.

The lamination process is depicted in Figure 31. First, after the utilization of a decoupling process, the
graphene/Cu samples were placed on top of the PVA foil (with the support film) with the graphene and
the PVA facing each other, and the stack was placed on top of a thin flat surface (Figure 31.1). The PVA
foil could also be taped onto the flat surface as heating may cause it to deform and detach unintentionally.
Next, the stack was enclosed in parchment paper and laminated at the desired temperature (Figure 31.2).
Parchment paper was used to avoid PVA sticking to the laminator’s rolls. Immediately after lamination
the stack was placed on top of a hotplate for about a minute at the desired temperature. A flat weight
was placed on top of it to ensure good adhesion between the PVA and graphene, while also avoiding
deformation of the PVA foil, and improve contact between the stack and the hotplate for homogenous
heat transfer (Figure 31.3). After cooling down the sample with the weight on top of it, the Cu foil was
peeled from the PVA foil and a darker patch was visible on top of the polymer, hinting towards a successful
transfer (Figure 31.4). After picking the target substrate, the graphene/PVA was laid on it with the

graphene contacting its surface and again enclosed in parchment paper followed by lamination at the
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desired temperature (Figure 31.5). If this substrate was rigid, there was no need for a thin flat surface,
otherwise, a process similar to Figure 31.1 can be executed. Again, similarly to Figure 31.3, the stack
was baked on a hotplate at the desired temperature for about one minute while a flat weight applied
pressure on it (Figure 31.6). Next, the weight was removed, the support film was carefully peeled while
the stack was still on the hotplate, and the sample was maintained at the hotplate for another minute at
the same temperature (Figure 31.7). Peeling while hot ensures easier detachment of the support film.
Finally, the last step was to immerse the PVA/graphene/target substrate in DI water to dissolve the PVA
overnight (Figure 31.8). To clean the sample, ethanol, IPA and water were used to rinse it followed by

blow dry with an air gun.

Figure 31 — Schematic of the graphene dry transfer with the laminator approach.

(1) The graphene/Cu is placed on top of the PVA foil, and a rigid thin flat surface is used to maintain the stack
flat. (2) Parchment paper is used to enclose the stack followed by hot lamination. (3) A hot bake is done on top
of a hotplate while a flat weight applies pressure to ensure good physical contact and even heat transfer. (4) After
the bake, the sample is let to cool down and the Cu is ready to be peeled off and the graphene is successfully
transferred onto the PVA/support film. (5) The graphene/PVA/support film is placed on top of the desired
substrate and enclosed in parchment paper followed by lamination. (6) Again, a bake on top of a hotplate is done
while a flat weight applies pressure. (7) The peeling of the support film is done still on top of the hotplate followed
by some more time of baking. (8) Finally, the sample is immersed in DI water to dissolve the PVA and finish the
transfer.

3.4.5 Spin Coated PVA Supported Transfer

One other option to the use and lamination of PVA foils onto graphene/Cu was the direct spin-coating of
PVA on top of the graphene while still on the growth substrate. This was achieved by first preparing a 9%
(w/w) solution of PVA by adding 9 g of PVA pellets to 91 mL of DI water at 90° C. The solid PVA was

gradually added to the water under stirring and left overnight to completely dissolve the polymer. Then,
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the graphene/Cu was placed on a support substrate and fixated with Kapton tape while ensuring its
flatness. It was then placed and aligned on the spin-coater Polos SPIN150i and held by vacuum followed
by the manual dispensing of the PVA solution until the whole sample was covered. The spin-coating
procedure then started, being comprised of a first spreading step of 30s where the spin-coater reached
300 rpm after 2 seconds followed by another step of 30s where the spin-coater reached 750 rpm after

4 seconds. The spin-coated PVA was then cured in one of two ways:

e (Curing at room temperature over a period.

e Curing at 120° C over 2 minutes on a hotplate.

After curing, the PVA was peeled off the copper, carrying the graphene with it, leaving behind the Cu
growth substrate (Figure 32a). The peeling started at one of the edges and then slowly and carefully
progressed towards the remaining areas.

Transfer onto the target substrate happened in one of two ways. The first is lamination utilizing the same
process in (Figure 31.5-8) without the removal of PVA's support film step, as there is no support film.
The second process involved the wetting of the target substrate with IPA followed by carefully lying the
PVA/graphene stack on the wet surface with the graphene facing down (Figure 32b). By surface tension
forces, the stack gradually flattened and adhered to the substrate. Leaving the PVA/graphene/IPA/target
substrate at room temperature resulted in an evaporation of the IPA. Drying at an angle helped IPA flow
from under the graphene and evaporate, similarly to water removal step in the wet transfer. Finally, after
around 1 hour, the stack became PVA/graphene/target substrate (Figure 32c¢) and was then immersed

in DI water to dissolve the PVA. In the end, the graphene/target substrate were rinsed with ethanol, IPA

and DI water followed by a blow dry to clean the sample.

Figure 32 — Transfer process with spin-coated PVA.
(a) Image of a peeled PVA/graphene sample and the corresponding target substrate. (b) PVA/graphene sample
in (a) placed on top of the IPA-wetted target substrate surface. The graphene is facing the IPA. (c) Sample in (b)
after 30 minutes of exposure to room temperature. Some wrinkles can be observed, as the substrate was not let
drying at an angle.
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3.4.6 H, Intercalation

To intercalate H, molecules in the graphene/Cu interface a Roth and Rau Microsystems MicroSys 400
was utilized. After growing graphene on Cu foils by the already described CVD process, the intercalation
process was started by evacuating the chamber followed by heating up to 250° C. At that point, H, was
released onto the chamber to achieve an atmosphere of 10 mbar that was held for 3 hours. The chamber
was then once again evacuated and let to cool down to 100° C, where it was vented to atmospheric
pressure, finalizing the process. After this, a water immersion process followed as described section

3.4.3.

3.4.7 Raman spectroscopy

Raman shift measurements and associated Raman images were taken in a WITec Alpha300M+ with a
532 nm wavelength laser and a motorized stage. The laser was set to 2 mW on all samples and a grating
of 600 mm? for spectra acquisition was used. Each spectrum was obtained by integrating the Stokes shift
signal over 0.5 s and averaging over 10 acquisitions.

Measurements were done to evaluate graphene’s most prominent peaks, being the D, G and 2D (or G')
at around 1350 cm?, 1580 cm* and 2700 cm-, respectively. For every measurement the focus was
adjusted until the 2D graphene’s Raman peak was maximized to ensure optimal laser focusing onto the

sample and efficiently compare different locations’ spectra.

3.4.8 Graphene Resistance Measurements

Resistance measurements were achieved by utilizing a Keithley 2400. Two-point and four-point resistance
measurements were done by utilizing either two micromanipulators with attached conducting tips or a
home-made 4-point setup, respectively. The instrument’s configuration was changed according to each
type of measurement. In some instances, a multimeter was utilized for more rough estimates of graphene

sheets’ resistance.

3.4.9 X-Ray Diffraction

X-Ray Diffraction (XRD) measurements were performed on a PANalytical X'PERT PRO MRD. The X-Ray
source was a copper anode, with a major line Ka = 0.154 nm. Different samples of the same Cu foil after

CVD graphene growth, decoupling by interface oxidation and transfer were mounted on a glass substrate
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and then fixated on the machine (Figure 33a). The device is composed of a detector, a sample holder,
and an X-Ray Source.

The two utilized protocols were the Theta-2Theta (T2T) measurements and Pole Figure (PF)
measurements. Prior to any measurement, alignment of the setup was necessary after sample fixation.
First, the sample was lowered in z in order to leave the a clear path between the X-ray source and the
detector and a scan around 26 = 0 was performed to center the detector around the maximum intensity,
meaning the source and detector were aligned, to correct the offset. Next, a scan in z was performed
and a step signal was acquired, where the middle of the slope corresponded to the desired position where
the sample was aligned with the detector. Then, with 20 and z already in the desired alignment, a scan
around w = 0 was performed to find the value in which a greater intensity is detected, indicating an
aligned sample and allowing for offset correction. Finally, a similar scan in y was also performed with the
same goal. These alignments in z, w, and y were iteratively done to progressively align the sample to a
greater extent.

With alignemt procedures complete, T2T measurements were performed. These measurements
consisted in scanning different values of @ to find the peaks corresponding to each crystallographic plane
parallel to the sample’s surface, associated to a value of d (Figure 33b). In the present equipment, the
T2T was done by scanning w and 26 in such a way that 2w = 260, and thus w and 8 are equivalent.
Varying ranges of scans where done in order to acquire more precise measurements of desired peaks,
namely the peak associated with (111) crystallographic plane, close to 8 = 43.39.

For PF measurements, the peak around which the procedure would be done was selected. So, in PF
measurements, after the setting of the the 8 and 26 angles to the desired peak, a scan was performed
in x and ¢, and information was obtained as a function of these two variables. In each measurement,
after sample alignment as already described, ¢ and y were scanned in 2.5° increments in the ranges of
[0°,360°[ and [0°,85°], resulting in 144 and 35 discrete steps for each parameter, respectively, and
a total of 5040 detected (¢, x) intensity data points for each sample. These were plotted utilizing
standard stereographic projections of the intensity points onto the equatorial plane of the sphere defined
by the scanning of ¢ and y. The relationship between ¢ and y and the corresponding polar coordinates
of the pole figure can be given by Equation (2) and Equation (3), where p and 9 denote the radius and

angle of polar coordinates, respectively, and R is the maximum radius of the projection.

9=¢ Equation (2)
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p =R Xtan= Equation (3)

—
—

dMn|
-
e Ho .\
20,
=

X-Ray Source

Figure 33 - Setup for XRD measurement.
(a) Utilized setup for the XRD measurements. In the picture there is depicted the sample’s reference frame and
the associated axis of rotation for each parameter. (b) Bottom view schematic of a T2T measurement. As the X-
Ray source is fixed, w has a similar role to 6.
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4. DEVICE DEVELOPMENT

The device design and fabrication in this thesis was part of the NeuralGRAB project which aims to develop
a novel neural interface for in vivo neurochemical detection. A graphene multi-transistor chip fabricated
on top of a Si wafer for electrolyte gated GFET detection of neurotransmitters had been developed
previously to this dissertation work [10]. One of NeuralGRAB's goals is to establish a fabrication process
for GFETs on a flexible substrate and to integrate pLEDs capable of optical stimulation of transgenic mice
brain tissue, working towards an implantable neural interface for neurotransmitter detection and

optogenetic stimulation. Thus, the device developed in this work contributes to that goal.

The previously developed device on a Si/SiO, rigid substrate is an electrolyte-gated GFET array, with each
transistor comprised of Au drain and source contacts connecting to a graphene channel and a receded
Au gate. The graphene was wet transferred onto the wafer after the Au contacts were patterned, followed
by the graphene channel lithographic patterning. All the device’'s sensing surface is passivated with a
multiple stack of SiO, and Si:N, apart from the graphene channel and the gate, which will remain exposed
to the electrolyte. The rigid device possesses two transistor groups of 16 GFETs, each with individual
drains and common sources and two gate terminals, totaling 40 connections (Figure 34). After fabrication
on the Si wafer, individual chips are diced and then mounted on a PCB, where each of the 40 connections
is wire bonded to the PCB. The PCB can then be plugged into a custom acquisition platform that allows
for modulation and reading the GFETS’ response. The data acquisition is done by biasing the GFETs at a
given drain-source voltage and then sweeping the gate voltage while recording the current passing
between the source and the drain. This enables plotting of the |-V curve of the GFET and tracking the
Dirac point, which can be used for biosensing, as described in section 2.1.5. The sensor is capable of
achieving a LOD of 1 aM and provide a selectivity against chemically similar molecules.

The selectivity and sensitivity towards the desired neurotransmitters are achieved by a functionalization
process, which is described in appendix |, exposing the device to different solutions that change the GFET
I-V curve (tracked via the acquisition platform). The desired samples can then be analyzed by being

brought in contact with the GFETs in a liquid environment.
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Figure 34 - Electrolyte-gated GFET array biosensor previously developed in the NeuralGRAB project.
Courtesy of Mafalda Abrantes (unpublished results).

The new device developed in this dissertation aimed to succeed to the rigid one, adopting the same GFET-
based architecture, but in a flexible substrate, capable of performing ex vivo neurotransmitter detection.
The device developed in this thesis should integrate pLEDs to allow for optical stimulation of genetically
modified brain tissue. Because the devices should be flexible, a flexible substrate is required. Achieving
these goals paves the way for the future implantable device, since the developments on the flexible
substrate fabrication can then be easily adapted and scaled to a smaller size device that can be implanted
in the brain.

As the new device succeeds to the old one, it was essential to maintain enough similarities between the
two to allow for performance comparison for validation purposes. As such, changing the device’s variables
was minimized. To achieve this, the new device was developed to minimize layout differences and allow
for operation utilizing the same acquisition platform. There were also other limiting factors on the
development that narrowed design possibilities. The limited time frame for the development of this project
meant that exploring new fabrication techniques not commonly performed at INL was risky, and
established techniques would render faster and more reliable results, so they were preferred. The project
had already acquired LA HB12FP1 pLEDs, and thus the design also had to revolve around their geometry,
mechanical and electrical properties, namely their size and operation current.

The fabrication of GFETs requires micro-fabrication techniques, as their features are in the order of the
micron, and thus lithography is essential. The tracks required to power the uLEDs are in the orders of
hundreds of microns but still require micro-fabrication techniques. These would allow for GFETs and

ULEDs homogeneous integration in the same chip but considering the pLEDs' thickness this option was
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ano-go. The uLEDs’ thickness is 3 orders of magnitude higher (tens of microns) than that of the remaining
features (tens of nanometers). This gives rise to a problem, as the surface of the device should be as flat
as possible to ensure good contact between the neurotransmitter sample and GFET sensor.

With all these limitations in mind, a three-part device design was devised (Figure 35). Each of these parts
would have its purpose, and each would deal with its specific design challenges. The three parts are the
GFET array, the Spacer, and the uLED array.

As the name implies, the GFET array comprises all the GFETs in a flexible substrate. This is the top layer
with the finest features and is the only one requiring graphene. The uLED layer accommodates the uLEDs
and tracks suited to power them, and represents the bottom layer. By isolating this layer from the rest,
one can physically separate the more delicate GFET array from the puLED layer, of which the assembly
process is in principle more residues prone and confine the higher voltages and currents required for
MLED operation. The remaining layer, the Spacer layer, is required to match the uLEDs and the top layer
that have features with very different thickness. The Spacer layer has pre-patterned holes and a thickness
slightly greater than that of the uLEDs so that when assembled on top of the uLED layers, one can achieve

a flatter surface that can then accommodate the assembly of the GFET array.

GFET Layer

Spacer Layer

Micro-LED Layer

Figure 35 — Schematic of the three different layers (left) that, after assembly, would comprise the whole device
(right).
Vertical dimensions are not to scale, as real thicknesses are too small.

With each layer's roles defined, the device's functionality led to various design considerations. Assembly
of the device’s successive layers can be tricky, and thus, alignment holes were open in every layer to
facilitate it, similarly to the device in [7]. Furthermore, a reliable zero-insertion force (ZIF) connector
connecting to the data acquisition platform was proposed ensuring a stable signal flow to and from the
control electronics, [11], [106], [142], [144], [145]. A standard 500 pum pitch connection layout utilized

in many ZIF connections was suggested. Also, as the circuitry powering the GFETs and the pLEDs was in
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different layers, utilizing two different ZIF connections distant enough from each other was adopted. This
has the advantage of isolating circuitry where the current would never surpass 1 pA from circuitry where
the current could reach 10 mA, as is the case for the GFET and pLED layers, respectively, preventing
crosstalk between conducting lines. Finally, the chip’s size, similar to the rigid chip, was chosen for future

experiments to accommodate a whole mouse brain slice, for possible ex vivo experiments.

These general remarks about the device and its context set the basis for the design and development of
the remaining parts. Its development started with sketching a fabrication process and defining a suitable
layout, which was partially tested in two wafers. Also, the integration of uLEDs was explored (see section
5), and a dedicated wafer for its development was fabricated, with a fabrication process very similar to
the device's wafer (see appendix Il and Ill, respectively), used to validate some fabrication steps. The
wafers fabrication process will be addressed in the following sub-section. A brief description of the spacer

layer is provided in appendix IV.

4.1 Layout and Fabrication Process Design

Designing the chip's fabrication process and layout required considering multiple aspects. The GFET array
and PLED layer, requiring microfabrication techniques, were done on top of Si wafers, making them
easier to process with standard techniques. The Spacer layer, due to its comparatively high thickness,
would be unsuited to microfabrication processes and its process is discussed in appendix IV. Before any
layout definition, the materials and fabrication process sketch were first defined. The main aspects

considered during this process were as follows:

e GFETs: these had to maintain the same morphology and working mechanism as the previous
rigid device. Au tracks should be deposited before the graphene, or in other words, the graphene
should contact the drain and sources from above. Also, the gate electrode should be made of
Au and as large as possible.

e Flexible and Transparent Substrate: the device should be flexible, so it is imperative to use a
flexible substrate like Pl or PET (see Table 1). Furthermore, the GFET array will be stacked on
top of the uLEDs layer, meaning it will have to transmit the wavelength in which the pLEDs emit
light. Key aspects also considered are that this substrate should be biocompatible and withstand

the fabrication process, namely high temperatures, as many processes cause the heating of the
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wafer. It should also be able to withstand the functionalization process, which entails chemically
aggressive solvents like dimethylformamide (see appendix ).

e Device Releasing: fine features require lithographic processes commonly done on Si wafers.
Fabrication is possible on top of these wafers by depositing the desired substrate on them and
executing all the processes. This then requires the release of the fabricated devices from the Si

wafer, a process of its own.

These considerations led to the proposed device structure and a sketch of the fabrication process steps
in Figure 36. The fabrication will start with depositing a sacrificial SiO, layer (Figure 36.1) to release the
device in the final step (Figure 36.9). The spin-coating of Pl will follow, as it is a biocompatible and
transparent film, capable of withstanding temperatures above 300° C and dimethylformamide exposure
(Figure 36.2). Patterning of conducting tracks follows, utilizing a thin Cr layer to improve adhesion
between the Pl and the Au (Figure 36.3). The next step will be transferring and patterning the graphene
and completing the transistors (Figure 36.4). To ensure the device passivation, first, a Ni-stopping layer
will be patterned in every area where one wants to open vias on the passivation layer (Figure 36.5). This
layer prevents the via-opening process from damaging the device’s structures, such as the graphene or
the Au tracks. A second PI layer will be spin-coated to ensure device passivation (Figure 36.6). As the
utilized Pl is not photosensitive and thus not photolithographically patternable, a sacrificial layer of AISiCu
will be patterned on top of the Pl passivation layer (Figure 36.7). The AlSiCu sacrificial layer will act as a
mask and allow for etching the Pl only on AISiCu unprotected areas. These unprotected areas are the
openings of the device's vias and the defined cutouts of the GFETs' and puLEDs’ layers. After the etch,
the AISiCu and stopping layer will be removed, leaving the device with open vias and defined cutouts
(Figure 36.8). To finalize the fabrication, the device will be released, which is done by selective etching
of the SiO2 sacrificial layer deposited in the first step (Figure 36.9). A more detailed representation of the

proposed fabrication process can be seen in appendix V.

1 2 3 4 5

AlSiCu
|

Figure 36 — Schematic of the different steps necessary for the device fabrication.

58



(1) SiO, sacrificial layer. (2) Spin-coating of PI. (3) Patterning of Au/Cr tracks. (4) Graphene transfer and
patterning. (5) Patterning of stopping layer. (6) Spin-coating of the Pl passivation layer. (7) Patterning of AISiCu
sacrificial layer. (8) Etching of vias and device cutouts. (9) Device release.

After sketching the fabrication steps of the device, the device's layout was readily defined, as depicted in
Figure 37. Both the GFET array and the puLEDs layer were designed considering the same fabrication
steps and thus share the same layers, except the layer corresponding to the graphene patterning, as the

ULEDs layer does not possess any graphene regions.

Figure 37 — Overview of (Left) the designed GFET array layout and (Right) the designed pLEDs Layer.

The GFET array layout presents 32 GFETs, each 75 pum in width and 25 um in length, arranged in 4
groups of 8 transistors each, with individual drains. Only two source tracks connect to 16 transistors on
either the device's left or right side. A giant gate electrode is present at the center of the device, which is
1 cm in diameter, with two redundant tracks for contacts. The chip also has two tracks going around the
devices, which will connect to the ground to create a ground plane that can contribute to reducing possible
noise or capacitive interferences. All the tracks then connect to the bottom of the device where a 500 um
pitch ZIF connector layout was adopted, totaling 40 connections.

The device's radially symmetric shape maintains the transistors in similar conditions, namely the distance
to the gate electrode. GFETs in the rigid device were all significantly close to the gate area, as it was
possible to connect the tracks to different sides of the chip. In the present case, all the tracks must
converge to the ZIF connection side, which limits possible arrangements and increases tracks’
resistances. Furthermore, the transistor arrangement in each group is done to maximize the density of
devices, similarly to the rigid device, while at the same time restricting each group of 8 transistors to the

area directly above the puLEDs.
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Figure 38 — Layout of the GFET array, following the same color code as Figure 37.

(a) The layout of a single GFET array presenting all of the utilized layers. The insets represent the different layers
isolated by fabrication step. (1) Au/Cr tracks patterning. (2) Graphene patterning. (3) Stopping Layer patterning.
(4) Passivation Vias opening and Device Cutouts patterning. (b) Detail of one of the 4 groups of 8 transistors.
Each graphene patch creates two GFET’s channels.

The uLEDs layer possesses the same layers as the GFET array except for the graphene one. The layout
is simpler, since each device has two-terminals only, with 8 tracks leading in pairs to the vias where the
ULEDs will be mounted. Each of the vias for the mounting of the WLEDs presents a size slightly wider
than the LA HB12FP1’s footprint, with 250 um x 400 pum in area, exposing two small parts of the Au
tracks which work as electrodes, comprised of an area of 75 um x 100 um each. These connections

form a tail, ending in a standard 500 um pitch ZIF connection layout.

d B b Micro-LEDs’ Tracks

Passivation Via
for micro-LEDs

2mm
—

1 2 3
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—

Figure 39 - Layout of the uLEDs Layer, following the same color code as Figure 37.
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(a) The layout of a single uLEDs Layer presenting all of the utilized layers. The insets represent the different
layers isolated by fabrication step. (1) Au/Cr tracks patterning. (2) Stopping Layer patterning. (4) Passivation Vias
opening and Device Cutouts patterning. (b) Detail of the area where the mounting of the pLEDs takes place.
There is a total of 4 vias for 4 uLEDs, which when aligned to the GFET array, coincide with the 4 transistor
groups.

These two layers layouts were arranged in a single drawing for fabrication on a 200 mm diameter Si
wafer (Figure 40a). A total of 12 pairs of layers were arranged, and in the remaining clear areas of the
wafer two simple designs with electrodes sized for uLED mounting were placed for testing purposes if
needed, highlighted in Figure 40c. Also, alignment marks were placed at the center, left and right margins
of the wafer, highlighted in the inset of Figure 40a, and 4 zones for process control were located at 4

different spots (Figure 40b).
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Figure 40 — Device wafer layout. (a) Wafer sized arranged layout.

The grey circle denotes the wafer’s limits. In total, 12 GFET arrays and 12 uLEDs Layers were displaced among
the wafer. (Inset) Detail of the alignment marks placed on the wafer for alignment during lithography processes.
(b) Detail of one of the test zones placed in the red circles marked in (a). (c) Close-up of the small devices for
ULED mounting testing.

After the full definition of the layout, wafer fabrication started according to the fabrication process defined.

Before starting the fabrication some of the steps were tested in dummy wafers to assess their viability
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and validate their usage on the device wafer. These tests aimed to validate the graphene transfer onto PI,

its release and the PI's transmittance, and will be addressed in the following sections.

4.1.1 Graphene Transfer onto Polyimide Test

Before this dissertation project, graphene had only been transferred onto SiO, substrates in the context
of the NeuralGRAB project. Thus, a first test to assess the wet transfer of graphene onto Pl was performed
(Figure 41).

An Si wafer was spin-coated with 15 um of Pl (see section 3.2.2), without any layer for release. Prior to
the graphene transfer, Pl treatment in HCI was performed on a portion of the wafer (Figure 41b).
According to [146], the immersion of Pl films in 10% HCI solution for 5 minutes would increase the
adhesion of the graphene onto this substrate by slightly modifying the surface chemistry, improving the
overall transfer quality. The graphene was then transferred via wet transfer process in such a way that
roughly half of the graphene patch was placed on the untreated area while the other half was placed on
the treated one. The procedure was performed successfully, in a similar fashion to the process described
in Figure 5 and section 3.4.2.

After this process, two-point resistance measurements were taken (Figure 41b.3) both on the treated and
untreated side, showing no evident differences between the graphene transfer quality, and thus, the HCI
treatment was discarded. Moreover, the wet transfer process onto Pl occurred similarly to the transfer of
graphene onto SiO, substrates, showing that the transfer could be done directly onto the spin-coated Pl

surface, as reported in the literature [11], [91], [94] (summarized in Table 1 of section 2.1.6).
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Figure 41 — Process of graphene transfer and chemical treatment on PI.

Graphene patches are highlighted by dashed lines. (a) Transfer process of the utilized graphene. (1) PMMA-
coated graphene on Cu foil right after being left floating on FeCl.. (2) PMMA-coated graphene floating FeCl, after
Cu etch. (3) PMMA-coated graphene floating on DI water prior to transfer onto Pl wafer. (b) Steps of the test on
the Pl wafer. (1) Setup for immersion of the Pl wafer in HCI 10% for 5 minutes. (2) Pl wafer after fishing of the

PMMA-coated graphene in (a)(3) visible as a dark patch. (3) Two-point measurement setup on the graphene

patch after removal of the PMMA.

4.1.2 Polyimide Release from Wafer Test

To test the release process of the Pl from the Si wafer by utilizing a SiO, sacrificial layer, another dedicated
wafer was prepared. A sacrificial layer of 500 nm of SiO, was deposited by PECVD (see section 3.2.1) on
a Si wafer, followed by spin-coating of 4 um thick PI (Figure 42a,b, and section 3.2.2). A portion of the
wafer was cleaved and a dry etch of the SiO, took place (Figure 42c, and section 3.2.6). The PI film was
partially released, and wrinkles formed on its surface. By peeling the thin film with a tweezer, the PI thin
film was fully released, indicating a successful process suitable for usage in the wafer fabrication. One
should point out that the efficacy of this process is attributable to the fact that Pl films show significant
permeability to the utilized gas etchant, accelerating the etch process. If this was not the case, the etching

of the oxide could only take place laterally, hindering or slowing the process.
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Figure 42 — Pl wafer before and after the release process.

(a) Wafer after the spin-coating of Pl inside the furnace for curing. (b) Obtained thickness measurements by
optical profilometry of the SiO, sacrificial layer and respective schematic (bottom) and of the Pl spin-coated layer
(top) (c) Cleaved and released portion of the wafer next to the remaining unreleased one. The PI film got released

and wrinkled as it was no longer attached to the SiO, substrate which got etched.

As the release of the device is one of the last steps, the whole device will be exposed to this process. This
raised questions as to what effects the exposure to the dry etch process will bring. To explore this, small
patches of graphene were dry transferred onto 6x6 mmz Si/SiO,/PI stack chips, followed by execution of
the dry etch process of the oxide sacrificial layer (Figure 43). To test the effects of the process, two-point
resistance measurements were taken before and after the dry etch. The results can be observed in Table
3. Two out of the six samples were non conducting before the exposure to the process, attributed to an
unsuccessful transfer process. Interestingly, the resistance measurements of the remaining samples
show that the graphene on average halved its resistance after the dry etching process. It is known that
HF exposure can help in cleaning inorganic oxide residues [61], as is the case of Cu oxides, which can
explain this decrease in resistance. Furthermore, fluorination of graphene during this process is unlikely,
as although exposing it to an aqueous solution of HF can successfully achieve its fluorination [147], [148],

exposure to HF gas for up to 17 hours has been shown not to alter its properties [148].

Table 3 - Two-point resistance measurements before and after exposure to dry etch process.

Resistance Prior to Resistance After
Sample Number
Exposure (kQ) Exposure (kQ)
1 73 29
2
3 44 21
4
5 39 26
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Figure 43 — Pl Wafer chips with transferred graphene before and after exposure to the dry etch process.

(a) Six small graphene patches were transferred on a Si/SiO2/P!I chip with a PVA support polymer. (b) OM
images of the transferred graphene after removal of the PVA and before the etch process. The scale accounts for
the 100 um (c) Appearance of the chips after exposure to the dry etching treatment. The wrinkling shows that
the sacrificial SiO, layer got etched and the Pl partially released. The wrinkled surface complicated the acquisition
of OM images.

4.1.3 Polyimide Transmittance Measurement

The device layout and structure place the uLEDs below a PI film of 3.5 um. Although PI is deemed
transparent, it shows an orange tint, meaning its transparency decreases for smaller wavelengths of
visible light. This can pose a problem as the utilized LA HB12FP1 pLEDs emit light with a central
wavelength of 450 nm. To address this, UV-Vis measurements were performed on the released 3.5 um
thick PI films. For comparison, Pl Kapton HN (DuPont) films of 25 um and 75 um thick also had their
transmittance measured. Furthermore, as graphene will be present on top of the PI film in the end device,
one more 75 um thick sample was covered with graphene. The results can be observed in the plot of
Figure 44. The thin film released from the wafer presented the highest transmittance out of all the
samples at the 450 nm wavelength, with around 75%. The remaining samples are unsuitable for usage
in the top layer of the device as they present near-zero transmittance of 450 nm wavelength light,

rendering the pLEDs useless. Although the thin PI film of PI2611 only presents 75% of transmitted light,
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it is acceptable for usage in the device because the optical output of the device can be increased to
account for this reduction in transmission across the Pl film.

It is also noteworthy that although the thickest PI film of 75 um coated with graphene presented lower
transmittance than the uncoated one, the difference is minimal (below 3%). This means that graphene,

as expected, has little effect on the layer's transparency.
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Figure 44 — Plot of the transmittance measurements acquired on the UV-Vis for the four samples.
The dashed vertical line indicates the central wavelength of 450 nm at which the utilized LA HB12FP1 pLEDs
emit light.

4.1.4 Polyimide Passivation and Via Opening on Au Tracks Test

The PI passivation and vias procedure was tested on a custom wafer for uLED mounting testing, and the
entire fabrication process can be found in appendix Il. In this wafer, the layer utilized for passivation of
the Au tracks was PI, and vias were open on top of these tracks in the required areas. The summarized
process for Pl passivation and via opening on Au tracks is depicted in Figure 45a. With already patterned
Au tracks with Cr as an adhesion layer on top of a Pl substrate, the wafer was spin-coated with another
3.5 um of PI, effectively passivating the whole wafer. For AISiCu patterning by lift-off, spin-coating of
photoresist was the next step, followed by exposure and development to create the intended pattern (see
section 3.2.3). Deposition of 100 nm of AISiCu (see section 3.2.4) on top of the wafer was then
performed. Finally, the lift-off process was done by immersing the wafer in acetone with the simultaneous
application of ultrasounds. From here, the wafer was now ready to open the vias. By utilizing RIE and a
CF, + O, atmosphere, the Pl was etched at a fast rate of around 500 pm/min. In comparison, the AISiCu
was barely attacked at an etch rate lower than 5 nm/min, effectively opening vias only where the Pl was
exposed. Once the Au tracks were reached, the etch rate of those areas again decreased, signaling that

the etching could be stopped, although a slight over-etch was done. Care was needed in this step as the
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Au layer thickness was only 40 nm and it is stated in the literature that the etch rate of Au under these
conditions is around 8 nm/min [149]. After this process, the AISiCu was removed by wet etching utilizing
an Al etchant.

After the process the vias were successfully opened. In Figure 45b-d it is noticeable the evolution of the
etching of the PI. Before reaching any Au track, the etch rate was similar everywhere except at the AlSiCu
covered area. When reaching the Au track, the etch rate abruptly decreased. The small over etch was
done for two reasons: to remove Pl residues that could be present on the Au track areas, and the etch
rate was not homogeneous throughout the whole wafer area, as typically it is weaker near the wafer
edges, thus requiring more etch time. By comparing images before and after opening the vias in Figure
45¢,f the difference in coloration of the visible tracks was noticeable due to the partial etching of the
surface of the Au tracks. By utilizing a higher magnification and after removing the AISiCu sacrificial layer,
the roughness of the surface and Pl residues became evident, meaning the over-etch was not enough to
mitigate this issue. This emphasizes the need for a stopping layer. By utilizing a stopping layer, the whole
Au thickness would be preserved, and the PI residues would be removed at the same time as the stopping

layer removal.
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Figure 45 — Designed process and results from Pl passivation and vias opening.

(a) Schematic of the process for the Pl passivation and via opening starting with an already patterned Au/Cr layer
on Pl (a), followed by spin-coating of Pl passivation layer (2), the lithographic process of photoresist spin-coating
(3), exposure and development (4), sputtering of AISiCu (5) and lift-off (6), to allow for the RIE of the Pl to open

the vias (7) and ending with the etching of the AISiCu (8). (b),(c),(d) Schematic and respective plot of the
measured topography of the wafer during the RIE process for Pl vias opening after a total of 5 min (b), 7.5 min
(c) and 9 min (d) of etch. (e) OM image of an area of the wafer before the RIE to etch the Pl passivation. (f) OM
image of a similar area to (e) after the RIE. (g) Detail of the area delimited by the dashed contour in (f) after
removing the AISiCu sacrificial layer, showing the residues of Pl left on top of the exposed Au tracks.
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4.2 Device Wafer Fabrication

The sketched fabrication process in Figure 36 was partially validated by the tests in sections 4.1.2, 4.1.3,
and 4.1.4. The following sections addresses the device wafer fabrication. Each of the designated steps of
fabrication are discussed in an in-depth manner, providing the context of each wafer fabrication step and

the obtained result.

4.2.1 SiO, Release Layer Deposition

The deposition of the SiO, layer was done in a PECVD system (section 3.2.1). A total of 500 nm was
deposited on top of a new Si wafer. This layer is indispensable for release of the final flexible device;
without it, the device would remain permanently attached to the fabrication substrate and not be flexible.
After the oxide deposition, interferometer measurements were executed to evaluate the thickness and

uniformity of the wafer (Figure 46). It presented good uniformity with a value of 3.36%.
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Figure 46 — Map of the thickness of the deposited SiO, deposited layer.
An average thickness of 495.4 nm is achieved, with a uniformity of 3.36%, an acceptable value.

4.2.2 Spin Coating of Polyimide Substrate

Spin-coating of the PI (see section 3.2.2) took place after the SiO, deposition. A film of about 3.5 um in
thickness was achieved (Figure 47) with good uniformity (4.42%). Some defects, such as bubbles or
comet-like structures, were visible on top of the wafer. The bubbles occur during the spin-coating and
curing stages due to a deficient application of the Pl precursor (see section 3.2.2). The comet-like

structures form due to the presence of particles on top of the wafer before the application of the Pl
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precursor. These defects, mainly bubbles, can render smaller features on the device useless as they
make the surface locally defective with unpredictable topography. Nevertheless, the spin-coated Pl layer
presented good uniformity, and the number of defects was not significant enough to justify the repetition

of this step.
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Figure 47 - First PI spin-coating on the device wafer wafer.
(a) Image of the device wafer after the spin-coating of PIl. Defects are visible on its surface. (b) Interferometer
measurements of the spin-coated Pl substrate layer of the device wafer.

4.2.3 Patterning of Conductive Tracks

The conductive tracks were made of Au to resemble the rigid devices. In its case, for improved adhesion
of the Au onto the SiO, substrate, a skinny Cr layer is used, which is also well suited for usage in the case
of the device wafer, as it presents an excellent adhesion improvement on Pl substrates [150] in
comparison with bare Au. Also, in the case of the rigid device, the patterning of the tracks was done by
ion-milling, which, by tunning the angle at which the wafer is about the beam, could achieve a smooth
edge that would prevent graphene cracking after the transfer at the drain/source and channel connection
[51]. lon-milling is based on bombarding the surface of the wafer with ions, slowly etching it. This process
is unsuitable for the device wafer as it could damage the Pl surface and complicate the graphene transfer
process, benefiting from a smooth, flat substrate surface. To circumvent this problem, a different
patterning technique was adopted. In the literature, GFET devices with graphene on top of drain and
source contacts also utilize lift-off as their patterning technique with successful results [11]. In the case
of the device wafer, this process was also adopted (see section 3.2.4).

The process for patterning the wafer is depicted in Figure 48a. The photoresist was first spun with a
thickness of 1035 nm and then soaked in tetramethylammonium hydroxide (TMAH) to harden its surface.
The photoresist is then exposed (see section 3.2.3) to the pattern in Figure 38a.1 and developed to reveal

the exposed pattern (Figure 48c). In principle, the soaking process hardens the photoresist surface, which
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is slightly less attacked by the developer than the deeper part of the photoresist. A structure with an
inverted slope is created, as depicted in Figure 48b. This shape prevents metal from being deposited on
the sidewalls of the photoresist thus promoting well-defined edges. The sputtering of the Au/Cr tracks
followed. First, 10 nm of Cr was deposited, followed by 100 nm of Au, covering the whole wafer (Figure
48d). Finally, the removal of the photoresist in acetone and ultrasounds took place, lifting off the excess
deposited metal and revealing the intended pattern (Figure 48e).

Mechanical profilometer measurements hinted that the metal possessed rough edges, meaning the
soaking in TMAH in the lift-off process was unsuccessful. The spikes seen at the edges might have also
been an artifact from the measurement, and to confirm this, measurements were made in opposite
directions in the exact location. From observation of the plots in Figure 48f, it is possible to conclude that
although artifacts were present, there was also a spike at the edges of the metal tracks. This could
complicate the step of graphene transfer, which was the next step in the fabrication process, addressed

in the next section.
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Figure 48 — Process of patterning of Au tracks on the Pl substrate.

(a) Schematic of the patterning process of the Au tracks with Cr adhesion layer by lift-off. First, there is the spin-
coating of the photoresist (1), followed by its exposure and development (2), and the subsequent sputtering of Cr
(3) and then Au (4), ending with the removal of the photoresist in acetone to lift-off the excess metal (5). (b)
Comparison of the effect of the soaking with TMAH (upper) versus no soaking (bottom) before the exposure and
development of photoresist. (1) The soaking results in an inclined wall of the photoresist (2) that prevents the
formation of vertical edges that survive the lift-off process (3). (c),(d),(e) Device wafer at the steps (a)(2), (a)(4)
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and (a)(b), respectively. (f) Captured image of the contact profilometer measurement and an indication of the
taken paths forward (1) and backward (2). Tall spikes are noticeable at the metal edges corresponding to the top
portions of the graphs.

4.2.4  Graphene Wet Transfer

The next step was graphene wet transfer onto the patterned tracks. A standard wet transfer (see section
3.4.2) of OxGr resumed onto the patterned tracks. After the removal of the PMMA support polymer in
acetone, the transfer was complete. The graphene patch covered 3 devices, as visible in Figure 49a,
before the PMMA removal. Microscope images show that the transfer produced a lot of residues, and the
graphene got torn in multiple places. In Figure 49b,c,d the extent of the residues is visible from a smaller
to a larger scale. Dark brown residues indicate leftovers of FeCl, used in the etching of the graphene

native substrate and indicate poor cleaning of the graphene during the transfer process.
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Figure 49 — Graphene transfer onto the device wafer.

(a) Graphene patch transferred onto the device wafer before removing the support PMMA marked by a dashed
line contour. (b) OM image of one of the devices after the PMMA removal. A lot of residues are visible at this
scale. (c) OM image of the area marked by a dashed contour in (b). The area presents itself as densely packed
with residues. (c) OM image of the area marked by a dashed contour in (c). Graphene cracks and tears are
visible. Residues are also spread across the GFETs' to-be channel area.

Furthermore, the visible cracks in Figure 49d are spread randomly and could affect the correct functioning

of the to-be-fabricated GFETs if these defects are present in their channels. To address this possibility,
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SEM images of the devices were acquired (Figure 50). The Au tracks resemble the lighter areas, while
the Pl substrate is dark. Differences in the Au track’s tonality are due to either the presence or absence
of graphene, presenting darker or lighter colors. Round smudges with a 3D appearance amidst the Pl
substrate are artifacts due to the charging of the scanned area. This happens when the scanned area
has poor conductivity, and given this fact, one can understand whether the graphene is covering the PI
substrate. Dark areas with a “flat” appearance are graphene-covered and are thus conductive, while the
“3D smudged” areas are absent of graphene and thus present charging artifacts. This phenomenon can
be used to interpret these images and evaluate the coverage and integrity of the graphene on the Pl
substrate that will be used as channels of the GFETs. In the case of Figure 50a, the channel areas
presented acceptable graphene coverage at this scale. It is worth noting that the SEM presents as a
powerful tool to assess the quality of the transferred graphene onto this substrate, as it is challenging to
distinguish graphene-covered areas from non-covered ones by simple OM images, as noticeable in Figure
50b by looking at the Pl areas. By increasing the magnification of the SEM, it is possible to observe that
the suspected edges created on the Au tracks from the lift-off process are indeed present. Figure 50 (c)
and (d) show that these edges are fracturing graphene, compromising the continuity between the Au
tracks and the graphene channel. It is also possible to observe that the graphene sometimes got
suspended and under tension, leaving it in a very fragile state, where even surface tension of liquids could
fracture it. This made it unsuitable to resume fabrication under these conditions, and intermediate steps
would be necessary before transferring more graphene onto the wafer. Unfortunately, it was impossible

to do so during the time course of this dissertation work, and the fabrication halted in this step.
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Figure 50 — Assessment of the graphene transfer onto the device wafer.

(a) SEM image of a transistor area where tears and cracks on the graphene are noticeable compared to (b) OM
images of the same area. The dashed circle denotes an area where no cracks or tears are visible in the OM but
are evident under the SEM. (c),(d) SEM images of different Au edge regions where transferred graphene got
suspended and torn by the edges created in the lift-off patterning of the tracks.

4.3 Concluding Remarks on Device Development

Although the fabrication of the device wafer was not completed, the results confirmed different aspects
of the designed fabrication process and highlighted critical key points that must be considered.

The choice of materials proved effective, as the Au tracks presented good adhesion to the polyimide
substrate by using the Cr interlayer. Nevertheless, the deposition and patterning methods utilized would
require further tuning. The spin-coating of the Pl should be modified to reduce the number of defects that
can compromise whole devices, and the patterning of the Au tracks should be made by other methods,
for example, wet etching, to avoid the formation of edge spikes that can later tear graphene. The state of
the Au tracks conditions the fabrication process, and an etch of the spiked edges would be necessary.
The transfer of graphene achieved was too dirty for the standards of the approach utilized, with an unusual
number of residues being transferred onto the substrate. This entails that special care should be taken

when preparing the etching solutions of the Cu foil during the wet transfer. Furthermore, the utilized
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polymer, PMMA, can also compromise the transfer with large amounts of residues, as shown in appendix
VI, which highlights another critical point for the successfulness of the process.

Regarding the fabrication steps that were not accomplished, none of them appear to be limiting. Graphene
patterning is relatively straightforward by utilizing a photolithography process for patterning a photoresist
and later etching of the exposed areas by O, plasma. This would, in principle, damage the surface of the
Pl in the exposed regions, which is not critical as the GFET channels with graphene would be protected
and the integrity of the underlying Pl substrates maintained. Furthermore, the following deposition of the
stopping layer has already been tried [51] by sputtering of either Cu or Ni, albeit in rigid substrates. At
this step, one can recognize that the increased porosity of Pl and the sputtering technique for deposition
of the stopping layers could induce damage to the graphene. Still, testing would be essential to assess
this possibility. If not successful, different stopping layers would need to be tested or different deposition
methods employed (for example, evaporation, although not available at the INL facility). The remaining
passivation with Pl and opening of the vias should, in principle, occur smoothly as there would be no
substantial differences from the test done in the custom wafer for uLED mounting (appendix ), except
for the existence of the stopping layer, which would improve the overall quality of the process. A possible
complication would entail the chemical modification of the stopping layer due to the usage of the CF,+0,
chemistry in the plasma and complicate the layer removal in the etchant, and testing would be necessary
to address this possibility. Finally, the release of the devices would follow the mentioned tests, which

should be adequate and achieve the full release of the fabricated devices.

Overall, the work in this section contributed to implementing the GFETs on the Pl and showed significant
signs that the fabrication process could occur, albeit further tuning and testing are necessary. It was
highlighted that patterning procedures of the gold tracks are important to achieve a successful wet
transfer. Furthermore, a technique for via opening on polyimide passivation layers was established, and
the resistance of graphene to the release process of the devices confirmed. These results thus facilitate

the integration of the graphene-based neurochemical sensor on flexible and transparent polyimide.
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5. uLED MOUNTING

Brain activity modulation with optogenetics requires light to be delivered to the desired tissue. The NI
designed in this work aimed to accomplish this by integrating optical stimulators in the flexible device. By
utilizing flip-chip uLEDs (LA HB12FP1 and LA UBO6FP2), fabrication process was simplified, as a
fabrication process for the pLEDs did not need to be developed. Nevertheless, mounting these uLEDs on
the flexible substrate is challenging. The small size of the components complicates handling and the
reduced footprint of the target electrodes on the wafer makes alignment procedures difficult. Furthermore,
attaching the pLEDs while maintaining reliable electrical contacts required optimization, and thus different
approaches were explored. The tried approaches can be divided into two groups, being the soldering
approach and the stamping/pick-and-place approach, with the latter providing the best results. To further
test the stamping/pick-and-place, the same procedure was applied to the smaller footprint uLEDs (LA
UBO6FP?2), which enables smaller devices to be fabricated in the future. After establishing the best
mounting technique, different tests were conducted to assess how the pLEDs could handle the fabrication
process of the wafer and decide at which point of the fabrication these could be mounted, and to measure

their electrical behavior and output optical power.

5.1 Soldering Approach

The first approach to be tried was to solder the pLEDs to the patterned Au tracks on Pl on the wafer. In
the uLEDs datasheet, the advised approach for mounting the pLEDs on the desired circuit was to solder
them as their electrodes were prepared for that process. Thus, solder paste was first utilized. The
approach consisted in placing some of these small solder balls with flux of the solder paste on top of the
ULED’s contact pads, apply heat (250° C) until these melted and conformed to them, and finally place
the uLED on top of the target Au tracks and reapply the heat. A dummy silicon wafer (appendix Ill) with
exposed Au tracks on top of Si02, was used for these first tests. The wafer had exposed Au tracks with
30 nm in thickness that resembled the ones of the device wafer (Figure 40).

The procedure is depicted in Figure 51. The placement and flipping of the pLED for the contact pads to
face up was done manually with tweezers. Then, the solder balls were also manually dispensed, followed
by heat application (250° C) to induce the melting and adhesion of the solder. In Figure 51b, it is possible

to observe the spreading of the solder on top of the Au track when applying heat, which is expected to
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occur when utilizing solder, signaling that its melting point was successfully reached. This process did
not lead to the mounting of the uLED, as it was still loose after cooling down, and detached from the
substate. By post inspection of the mounting site (Figure 51c), it is visible that the Au tracks were
extensively damaged, with material being completely removed.

The same approach was employed with a different solder with lower Sn composition and utilizing Bi and
Ag in the place of Pb. This solder was not available in solder paste form, and thus it was scrapped onto
small flakes, deposited on top of Au tracks and wetted with flux. The result was similar to the one
previously mentioned, culminating in the removal of the Au tracks. Fragile and loosely attached solder
material was also left on top of the substrate, once again showing that the soldering was not viable.

This behavior can be attributed to the high solubility of Au on Sn, a main compound of both of the used
solders. Effectively, Sn is known to scavenge Au [151] and this can be the reason why the tracks were
dissolved onto the solder. The reduced thickness of the Au tracks, with only 30 nm, compared to the
amount of solder can also have played a role in the failure of this approach. As the amount of track
material is greatly smaller than the amount of solder, the scavenging and dissolution of the Au tracks can

be greatly enhanced.

Solder Balls

Figure 51 — Process of applying solder to uLED and wafers.
(a) Solder balls applied on the uLED’s electrodes. These are visible as small spheres pointed by the arrows. (b)
ULED placed on top of mounting site on test wafer. The solder spread along the tracks after being heated to
curing temperature. (c) Aftermath of the soldering process with the solder balls. The Au tracks were damaged
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and removed in the locations marked by the dashed shapes. (d) Image of the scraps of the lower melting point
solder. (e) Image taken during the process of heating the solder scraps and flux on mounting site. The scraps are
seen to melt and agglomerate forming tiny spheres. (f) Aftermath of the heating process, with visible white stains
due to flux. The dashed area marks a spot where the Au tracks were damaged and removed. It is also possible to
see that the solder did not spread along the tracks.

To try and circumvent the extensive damage to the tracks by the soldering approach, a Ni layer was
electroplated on top of the pre-existent Au tracks. Electroplating consists of creating a metal layer on top
of a conductive material immersed in an electrolyte composed of a salt of this same metal. For this to
happen, a voltage is applied between the immersed target conductive material, which will act as a
cathode, and a second immersed electrode, usually made of the material to be deposited or an inert
metal, that will act as anode. Reduction of metal ions dissolved in the solution will occur at the cathode,
forming a metal layer.

The electroplating was employed as it required no additional lithography processes, and a thicker layer
of material could be achieved with relative ease on top of the pre-existing tracks to reduce the removal of
track material after application and curing of solder paste.

After the electroplating of the Ni on top of a test region of the Au tracks, profilometer measurements were
performed to address deposited thickness (Figure 52a,b). The measured thickness of the Ni layer ranged
between 150 nm and 200 nm, which is approximately a 6-fold increase on the overall track thickness.
Scraps of the lower Sn composition solder were placed on top of the Ni layers and heat was applied. The
results are shown in Figure 52d. Although the wetting of the solder on top of the tracks was improved,
portions of the Au track were still damaged and removed. This indicated that the Ni thickness was not
enough to withstand the soldering process.

From the obtained results, we concluded that for the soldering approach to be viable, a thicker layer of
conductive material would have to be deposited, or another solder paste, without Sn or flux should be

tested. As achieving thicker layers would require many optimization steps and there were no other solders

available, the soldering approach was abandoned.

Figure 52 — Soldering on top of electroplated Ni layer.
(a) Test zone of the Ni electroplating on a region covered in Au. The white arrow indicates the direction of the
profile’'s measurement in (b). (b) Contact profilometer measurements from the region in (a). An average
thickness of approximately 175 nm was electroplated. (c) Mounting site region electroplated with Ni with the
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same parameters as in (a). The electroplated region shows a lighter color while the bare Au tracks present a gold
tonality. (d) Aftermath of applying solder scraps and heat to the region in (c). Although the solder appears to have
spread more successfully not forming isolated solder spheres, the Au tracks were damaged and removed in the
area denoted by the red dashed line. The orange dashed line denotes a second region where Ni electroplating
did not take place and the Au tracks also got removed due to spreading of the solder.

5.2 Stamping and Pick-and-Place

In the previous section it was shown that the reduced thickness and material of the conductive tracks is
a limiting factor when it comes to soldering the uLEDs. As such, incorporating methodologies that avoid
the modification of the underlying material could in principle achieve better attachment of the uLEDs.
One suitable option was the usage of conductive resins. Conductive resins are epoxy based substances
with a filler material that provides conductivity. The conductive resin (Ablestik 8037 TI) used to test this
approach was a silver nanoparticle filled heat cured epoxy resin that could be used to electrically connect
and mechanically attach the uLEDs on the Au tracks. To achieve this, a stamping process followed by
picking and placing of the uLEDs was performed on a system, described in section 3.3.2, followed by
heat curing.

The stamping process was based on utilizing an adequately sized tip that was dipped on conductive resin
to stamp it on the uLEDs mounting site. The small-sized tip presented dimensions smaller than the pads
to grant enough precision when stamping. The following pick-and-place process was achieved by using a
custom sized vacuum tip for the LA HB12FP1 uLEDs. Its dimensions considered the size of the LA
HB12FP1 chips, allowing for alignment and maneuverability. The complete process is depicted in Figure
53a, separated into the stamping and pick-and-place parts. The stamping process started by dispensing
a drop of conductive resin in an area where the stamping tip could reach. This was followed by dipping
the tip on the conductive resin, so it got sufficiently wet. The immersion time of the tip could be tuned to
achieve different amounts of resin on the tip. The last step was the stamping of the conductive resin on
the desired spot, in this case the conductive Au tracks (Figure 53a.2,c). The applied force (0.02 N) was
of major importance, as the underlying Pl substrate is soft and can get easily damaged (Figure 53b).
Furthermore, care is needed when stamping the substrate as to not induce short circuits — an excess of
conductive resin could flow outwards to undesired areas. The alignment of the component and the tip
was also of great importance, as a poor alignment could complicate the placement on the mounting site.
The pLED was then picked up by moving the tip on top of it and applying vacuum, and then moved to
the desired mounting site. On the mounting site, the uLED was lowered making sure that its electrodes

and the previously conductive-resin-stamped Au tracks were aligned. Pressure is temporarily (0.02 N)
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applied prior to the uLED release to ensure good mechanical contact with the substrate. The vacuum
was then removed from the tip, releasing the uLED. The success of the mounting procedure could already
be assessed at this point by applying electrical current to the tracks and observed if light is emitted. If
poor connection was established, the tips were reutilized to press on top of the pLEDs and do small
adjustments to its positioning to ensure good electrical connection. Finally, the last step of the process,
was the curing of the resin, so it became rigid, and its conductivity enhanced.

To further test the procedure, the same steps were repeated with the smaller footprint uLEDs (LA
UBO6FP2) (Figure 53e,f). A smaller distance (25 um) between conductive tracks for these components
increased chances of short-circuit in the stamping procedure. The pick-and-place tip was not designed for
this device’s size, but successful pick-and-place was achieved.

a b

Figure 53 — Stamping and pick-and-place process.

(a) Schematic of the stamping and pick-and-place process. (1) The mounting site is ready with the tracks for
connection of the uLED’s electrodes exposed. (2) Conductive resin is stamped by using a wetted stamping tip.
(3) The pick-and-place tip is used to grab the uLED by vacuum and relocate it on the mounting site, where it is

placed by applying some pressure and removing the vacuum in the tip. (b) Effect of applying excessive force

during the stamping procedure. An indentation is left on the Au track and some material is visibly lifted (c) uLED
mounting test chip with 100 um separating each Au track for connection. Conductive resin was already stamped,
marked by the white arrows. A LA HB12FP1 pLED is also visible, with a footprint of 150 pm x 300 pum. (d) Chip
in (c) after the pick-and-placing of the uLEDs. (e) Another uLED mounting test chip but only with 25 pm
separating each Au track. Conductive resin was already stamped in the spot marked by the white arrow. An LA

UBO6FP2 chip is visible with only 89 um x 150 um footprint. (f) Chip in (e) with the uLED already pick-and-

placed. The same pick-and-place tip used in (d) was also employed for this uLED size.

After correctly placing the uLEDs in position, the curing process can present a problem as it requires the
components to be exposed to an increased temperature to an extended period. In the case of the resin

used in this work, the recommended curing takes place over an hour, with a ramp of 30 minutes from
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ambient temperature up to 150° C and a plateau at that temperature for the same amount of time. The
LA HB12FP1 chips were first tested with this procedure and conditions and got successfully mounted on
the substrate, withstanding the curing process. On the other hand, the smaller uLEDs, the LA UBO6FP2,
although operational before the curing process stopped emitting light after the curing. To ensure these
smaller chips withstand the curing process, curing conditions were modified and a ramp of 30 minutes
from ambient temperature up to 140° C was employed, followed by a plateau at this same temperature

for 45 minutes, which resulted in a successful mounting of the uLED without damage.

The mounting of the pLEDs must be done before the assembly of all the three device’s layers. The
mounting site is located on the uLEDs array, fabricated on a rigid wafer but later released. Mounting the
ULEDs immediately prior to the release of the layers would be beneficial, as one could take advantage of
the provided rigidity to facilitate handling and mounting processes. For this to be possible, the conductive
glue and the puLEDs should be able to withstand the harsh conditions of the etching of the sacrificial layer.
To assess this possibility, LA HB12FP1 puLEDs were mounted on test chips and exposed to the process
and conditions for release of the Pl layers, involving exposure fo HF gas (see section 3.2.6). The results
of this tests are depicted in in Figure 54. The utilized uLED was slightly mechanically damaged prior to
the test, but it was fully functional upon application of electrical current and securely fixated on the
substrate. However, after exposure to the release process, the pLED was destroyed in the process. In the
OM images, it is possible to observe that the conductive resin remained in place, although the pLED got
detached. This leads to the hypothesis that the uLED's electrode contacting the conductive resin was
etched during the release process. Furthermore, the uLED was broken into multiple parts, rendering it
unusable. These results indicate that the mounting of the uLEDs cannot take place before the release
process. Thus, after fabrication of the device and its release, the puLEDs array must be handled

independently to allow for the stamping, pick-and-place, and curing processes to take place.

100pum
—

Figure 54 - Effect of the Pl release process on the puLEDs.
(a) OM image of a mounted ULED prior to exposure to the Pl release process. (b) Detached pLED after exposure
to the process. A different texture is visible, implying that the release process modified the uLED. (c) Region in (a)
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after the process, showing the absence of the bulk of the uLED. Some remnants of it are still near the mounting
site. The white arrows regions indicate stamped conductive resin.

Mechanical robustness of the connection achieved when mounting the uLEDs is of paramount
importance. To minimize the possibility of detachment of the uLEDs, an extra process was tested,
posterior to the uLED mounting. This process consisted in the application of a transparent UV-cured glue
on top of the uLED. For this, a custom stamping tip was printed utilizing an SLA 3D printer (Forms 3+,
Formlabs), consisting of a tapered cone with a 400 um diameter circular base. A process similar to the
stamping of the conductive glue was applied and is depicted in Figure 55. A small drop of UV-glue is
dispensed in the tip’s reach, which is then dipped in it. Some of the adhesive remained in the printed tip
which was then maneuvered to the already mounted puLED. At this point the wet tip gently touched the
ULED from either the side or the top, in two different approaches, effectively transferring some of the UV-
glue to the uLED and/or substrate. After this process, the UV-glue was cured by application of intense
UV light for 5 seconds. Effectively, the only approach that improved adhesion to the substrate was the
transfer of glue to the side of the uLED. Nevertheless, adding the UV-glue to the top of the uLED provided
interesting modifications to the optical properties of the uLEDs, as the formed UV-glue dome (Figure 55¢)
possesses a shape resembling a lens. The optical properties of the LA HB12FP1 pLEDs are addressed

in the next section.
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Figure 55 — Application of UV-glue.

(a) Schematic of the process for adding UV-glue to the mounted puLEDs. (1) The uLED is mounted with the
stamping and pick-and-place process. (2) The printed tip is wetted in UV-glue and placed in the uLED by gently
contacting it from the side or the top. (3) When contacted from the side the UV-glue spreads on the laterals of the
ULED while it forms a blob on its top if contacted from the top. (b) Image of the printed tip close to a uLED (150
pm * 300 um * 80 um). (Inset) Visible light refraction after application and curing of the UV-glue on top of the
ULED. (c) OM image of uLEDs before and after (insets) the application of the UV-glue on their sides. The darker
regions in the insets correspond to areas covered in UV-glue. (d) Scanning tip of the mechanical profilometer next
to a pLED with UV-glue applied from the side. The measured profile is visible in the right and is denoted by the
red arrows. (e) Scanning tip of the mechanical profilometer next to a uLED with UV-glue applied from the top.
The measured profile is visible in the right and is denoted by the red arrows. The inset is the obtained
measurement when measuring in a direction perpendicular to the displayed one. A regular round shape is visible
in both directions.

5.3 ULEDs Electrical and Optical Properties

After successfully mounting uLEDs with the stamping and pick-and-place technique, the optical properties
of the uLEDs could be addressed. As the information displayed in the datasheet was reduced, no
information on the IV curve of the uLEDs and its relationship with the outputted optical power was
mentioned. This information is crucial to tune the amount of current passing through the tracks and

emitted optical power when stimulating the brain tissue.
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The relationship between applied voltage, V; gp, current drawn, I, and emitted optical power, Popticai,

was addressed, with the setup described in section 3.3.6, for a single uLED mounted with the stamping
and pick-and-place process. The results are plotted in Figure 56a.

In addition, the effect of the usage of the UV-glue on uLEDs’ performance was assessed by measuring
the current drawn and respective output optical power. The obtained results are depicted in Figure 56b
for four different uLEDs mounted in the dummy wafer (see appendix Ill) with the stamping and pick-and-
place process. The uLEDs LED 1 and LED 2 were subject to the UV glue process and correspond to the
images Figure 55 (e) and (d), respectively, whilst the pLEDs 3 and 4 were not. A similar trend is visible
for uLEDs 2, 3, and 4, showing an output of roughly 0.27 mW/mA, while the uLED 1 shows a steeper
tendency of 0.34 mW/mA. The fact that uLED 1 shows a steeper curve and can achieve a higher optical
power output can be attributed to the presence of a dome shaped UV-glue blob on top of it, which could
potentially improve the light focus on the sensor. To confirm this hypothesis, the uLEDs were lit near a
white sheet of paper to inspect the shape of the beam and its diffusion. The results are visible in the
insets of Figure 55b, where it is noticeable how light propagates differently depending on the use of the
UV-glue on top of the uLED or not. Although pLED 2 is also partially covered with UV-glue, it does not
present focusing properties. Nevertheless, no difference is visible in relation to uLEDs 3 and 4 in terms
of output optical power, meaning that the UV-glue is transparent to the output wavelength and will not
reduce their efficiency. These conclusions imply that utilizing the UV-glue can be advantageous for
enhancing the mechanical reliability of the uLEDs mounted by this process without drawbacks in output

optical power.
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Figure 56 — Measured electrical and optical properties of the uLEDs.

(@) Plot of the drawn current, I, and the measured optical power, Popticqr, Of @ ULED as a function of the
applied voltage, V; gp. (b) Plot of the optical power as a function of the draw current for four mounted puLEDs.
LED 1 and LED 2 correspond to the pLEDs in Figure 55 e and d, respectively. (c) Visualization of the emitted

light by uLEDs with UV-glue applied from the side (1) and top (2). Light appears more focused towards the top in
the uLED in (2).

85



5.4 Concluding Remarks on LLED Mounting

The task of mounting uLEDs on patterned Au tracks of a wafer was successfully achieved. The first
approach tested, using soldering, proved to be non-viable. The alternative solution, using conductive resin
was successful in not only achieving an electrical, but also a mechanical connection between the uLED
and the tracks on the substrate.

The stamping and pick-and-place of the uLEDs was very successful, providing the intended connection.
The techniques were also space-efficient, occupying a footprint not larger than the uLED itself. Although
the soft Pl substrate could be damaged during stamping, reliable connections managed to be secured
with enough care. Furthermore, the possibility of utilizing UV-glue to further enhance the mechanical
reliability of the mounting is very beneficial for the overall reliability of the final device, increasing the
toughness of the connection. The successful mounting of the uLEDs also allowed for the measurement
of their light output capabilities in order to tune the output of power necessary in the final device, already

taking into account the transmittance of the PI.

In summary, the mounting of the uLEDs was successful by utilizing the stamping and pick-and-place
approach, and relevant properties were measured. These results allow for a smooth integration of the
light emitting components in the projected neurochemical graphene-based sensor without the need for a
complex microfabrication of uLEDs on the polyimide. In turn, the fabrication of the overall device becomes

facilitated, more reliable and economic.
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6. GRAPHENE DRY TRANSFER

The dry transfer of graphene is a promising technique to scale graphene technologies, making them
cleaner, more controllable, and more affordable. For it to become widely used, different drawbacks must
be addressed, and some mechanisms must be understood. In this section, the dry transfer of graphene
is explored, and different aspects are taken into account to optimize the process to the point that it
becomes a reliable technique for the fabrication of graphene devices, as the one developed in this thesis.
The development of the dry transfer of graphene in this work was not linear, and different aspects of the
process were only understood after various trials and errors. This section is divided into two main parts
to facilitate understanding. The first one will encompass in a general manner the processes required to
reliably transfer the graphene from the growth substrate onto the final substrate by the usage of an
intermediate water-soluble support polymer, PVA. The second section will explore different approaches
for the dry transfer process, causes affecting reproducibility, and detail the underlying mechanisms in

graphene decoupling from the Cu substrate.

2a. First Lamination 3a. Cu Peel 4a. Second Lamination

I Graphene Decoupling : @ : /

T o - v LT

2b. Spin-coat 3b. PVA/Graphene Peel 4b. IPA Wetting

Figure 57 - Routes for the dry transfer of graphene.

(1) Graphene decoupling is necessary for both possible routes of transfer. (Top) (a) The lamination process
entails a first lamination (2), followed by the peel of the Cu, leaving graphene on PVA (3), and finally, a second
lamination onto the target substrate (4). (Lower) (b) The spin-coat process requires the PVA to be spin-coated and
cured, forming a thin layer (2) that is then carefully peeled together with the graphene (3) and finally transferred
by wetting the surface of the target substrate with IPA and laying the thin PVA with the graphene facing down (4).
However, the lamination route can also be taken at this stage, represented by the dashed arrow.

The dry transfer process encompasses very distinct steps, each with its nuances. In the approach studied
here, the whole process can be divided into three main parts: the graphene decoupling from the Cu native
substrate (Figure 57.1), the transfer onto the PVA support polymer (Figure 57.2,3), and finally, the

transfer onto the desired target substrate (Figure 57.4).
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The detailed study of the first step will be delayed to section 6.2, and emphasis will be put on the last

two steps in section 6.1.

6.1 Graphene Transfer from the Native Substrate

The graphene-Cu decoupling step is always performed before the transfer onto the PVA-supporting
polymer. Assuming the decoupling step does not limit the quality of the transfer (although it certainly
does), the most critical steps are the two following transfers. In this work, two approaches, depicted in
Figure 57, were tested: lamination and spin-coating of the PVA. Although these two approaches utilize
the same support polymer, they perform differently. On the one hand, the former requires significant
forces to be applied during lamination to ensure good mechanical contact. Still, it then provides
straightforward graphene peeling and reliable support between transfers. On the other hand, the latter
presents a more delicate way of applying the support polymer but also requires more delicate peeling
and handling.

The two approaches were tried multiple times with many different CVD graphene on Cu samples. The
following sections highlight the main differences and effects of the lamination and spin-coating
approaches, mainly by roughly analyzing the transferred graphene sheets' electrical resistance, coverage,
and Raman spectrum. The randomness associated with different CVD graphene samples did not allow

for quantitative comparisons.

6.1.1 Polyvinyl Alcohol Lamination

The lamination of PVA on top of the CVD-grown graphene on Cu was first demonstrated in [14]. In this
work, one tried to reproduce their results by employing a similar process (Figure 31), described in section

3.4.4 albeit with different graphene growing parameters and a different PVA foil.

Initially, the temperatures in [14] (110°C for all laminations and bakes) were also employed. However,
due to the different specifications of our PVA foil, these had to be changed and optimized. It was observed
that the first lamination process (Figure 57.2a) produced lower graphene-on-PVA (Figure 58b) electrical
resistances when higher temperatures, in the 130-160°C range, were applied, and a consequent longer
cooling time was needed prior to peeling of the Cu from the PVA. The lower electrical resistance can be
attributed to a more successful lamination process, which ensures better mechanical contact between

the PVA and the graphene as the polymer gets softer and more readily conforms to the graphene/Cu
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substrate. The higher temperature and prolonged cooling expose the PVA to a bigger temperature and
deformation amplitude due to thermal expansion/contraction. The contraction of the PVA during the
cooling can aid in decoupling the graphene from the substrate. The effect of graphene-substrate
decoupling has been demonstrated in [57], where contraction forces improved transfer yield. Longer
curing times for a resin applied on top of graphene allowed for enhanced compression, which facilitated

delamination.

During the second and final lamination of the graphene (Figure 57.4a) onto the final substrate, higher
temperatures were also employed, in the 130-140°C range, contributing to better results, attributed to
enhanced conformation of the PVA to the substrate. Nevertheless, exposing the PVA to overly high
temperatures overbaked it to a point where it was hard to remove by immersion in DI water in the final
step, and significant amounts of PVA residues were left on top of the graphene surface, reducing the

transfer quality.

One critical aspect of the lamination approach is that significant amounts of Cu residues were present in
transferred samples (Figure 58a). The residues were attributed to the lamination process and the
presence of Cu oxides. These oxides are typically mechanically weak and weakly coupled to graphene,
thus easily detaching from the substrate if enough force is applied. This detachment can be induced by
peeling the Cu from the PVA after the first lamination, and residues of Cu oxides remain on the graphene

transferred onto the polymer. The Cu oxide residues then unwantedly transfer onto the target substrate.

Furthermore, another critical aspect of the lamination process was the formation of air bubbles amid the
first and second lamination (Figure 58a). As the lamination was not performed in a vacuum, air was
always present between the two laminated materials, and was not able to be pushed out by the pressing
forces. It then became trapped and created air bubbles that hindered good conformity and coverage. This
phenomenon was especially noticeable after the second lamination (Figure 58c) by looking at the
graphene before the removal of the PVA (Figure 58d). Air pockets formed between the substrate and the
PVA resulted in compromised transfers, resulting in small regions with no graphene coverage (Figure

58e). These aspects contributed to poorer conductivity of the graphene sheet.
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Although the lamination approach is very convenient, problems such as the graphene's cleanliness, Cu
residues, and air bubbles may hinder its viability for large-area transfer and application on more complex

graphene devices, and thus a different approach was tried in the next section.
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Figure 58 — Lamination transfer process and drawbacks.

(a) Schematic of the formation of bubbles and Cu oxide residues during lamination of the Cu/graphene (left) onto
PVA and peeling (right). (b) Image of graphene-on-PVA and the respective Cu growth substrate. Graphene is seen
as a darker square in the middle of the PVA sheet. (c) PVA/graphene/SiO, during baking on a hotplate after
removal of the support paper. (d) OM image of the stack in (c). Examples of formed air bubbles due to the
lamination process are pointed with black arrows. (e) Results of the dry transfer via lamination onto SiO, under
the OM. The black arrows point to holes in the graphene sheet due to the formation of air bubbles during
lamination. The white arrow points at a Cu oxide residue.

6.1.2  Polyvinyl Alcohol Spin Coating

Applying the PVA support polymer to the graphene becomes more manageable if liquid. It avoids the
need for intense pressing forces that could damage the graphene. Furthermore, it avoids the formation
of air bubbles, as trapped air can slowly escape through the liquid, and a smooth surface coverage is
achieved. PVA can be spin-coated on top of the CVD-grown graphene as an aqueous solution and later
dried to form a mechanically stable flat support polymer that can be peeled [152]. This approach was

tried as described in Figure 32 and section 3.4.5.
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The spin-coating of the PVA onto the CVD graphene on Cu was achieved by mounting the metal foil on a
support substrate (Figure 57.2b). After the spin-coat step, two different routes were taken: curing by
baking on a hot plate or letting the PVA solution dry at room temperature. Both curing by baking or drying
at room temperature induce the same compressing effect previously mentioned, but the latter method
avoided the exposure of the PVA to increased temperatures, which can prevent the formation of residues
challenging to remove from the graphene’s surface (Figure 60). Given this, drying the PVA at room

temperature was the preferred method.

After the solidification of the PVA on top of the graphene, the peeling followed (Figure 57.3b). The PVA
film achieved was very thin and fragile. The PVA polymer was peeled off the Cu foil, contrary to what
happens in the lamination approach, where the PVA foil is fixated on a support substrate and the Cu
peeled. This inversion reduced the amount of Cu oxide residues, as the Cu foil no longer needed to
withstand peeling forces. On the other hand, the PVA and graphene were subject to these forces, which
can induce cracks and defects as the PVA easily deforms either elastically or plastically (Figure 59a).
Thicker layers of PVA could be spin-coated to reduce this effect, but it brings drawbacks in the following

transfer step.

Transferring the graphene from the support polymer onto the target substrate took two different routes.
The first was the previously discussed route of lamination (Figure 57.4a). Nevertheless, lamination-
induced problems were unavoidable and, in some instances, amplified. As the PVA film in the spin-coating
case was thinner, it was harder to maintain in a flat state, and wrinkles or air bubbles formed more easily
(Figure 59b). Furthermore, the PVA needed to be exposed to higher temperatures, possibly complicating
its removal. The second option for completing the second transfer onto the target substrate was to take
advantage of the thin PVA layer. The support polymer and the graphene were carefully laid on a wet
surface by wetting the target substrate with IPA (Figure 57.4b). Surface tension forces ensured that the
thin PVA film and the graphene became flat as the underlying IPA slowly evaporated, avoiding exposure

to higher temperatures and harsher mechanical forces, preserving graphene integrity.

The graphene transfer process was finished after the removal of the PVA film by dissolution in DI water.
Overall, cleaner samples were achieved utilizing the IPA-assisted technique for the second transfer, and
fuller coverage of graphene is observed on the target substrate. Nevertheless, the drawback of possibly

enhancing the number of defects was present. The enhancement of defects is very noticeable in Figure
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59d Raman spectrum. Although graphene coverage appeared to be continuous, a high intensity of the D

peak was visible, with an intensity in the order of the G peak, which is not desired.
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Figure 59 - Spin-coat transfer process and drawbacks.
(a) Schematic of the formation of cracks on graphene during peeling after the spin-coating of PVA. The stretching
of the PVA can break the graphene. (b) Transferring the spin-coated and peeled PVA/graphene via lamination.
The peeled stack is the first layer on the target substrate with graphene facing down (1). The following lamination
creates many bubbles due to the non-planarity of the PVA/graphene stack, as the PVA is very thin (2). The
formed bubbles are spread throughout the graphene sheet and visible under the microscope (3). (c) OM image of
graphene on Si0, transferred by spin-coated PVA and IPA final transfer. The graphene appears continuous with
no visible cracks or holes. (d) Higher zoom image of (c) and respective Raman measurements (right). The D peak
is evident at the 1350 cm* mark, with an amplitude close to that of the G peak at the 1580 cm* mark. Although
all spectra correspond to monolayer graphene, the dark blue cross is on a darker patch of graphene, meaning
the spectrum corresponds to decoupled multilayer graphene, presenting as monolayer graphene through the
Raman measurements.

6.1.3 Direct Comparison

In the previous sections, the two utilized semi-dry transfer processes were discussed, and it was observed
that each had different effects on the overall quality of the transferred graphene sheets. To better
understand the advantages and disadvantages of each transfer process, CVD graphene samples
originating from the same CVD graphene growth run were transferred in parallel to similar SiO, substrates.
The laminated sample followed the process described in Figure 31, while the spin-coated sample followed

the path denoted by the dashed arrow, in which the second transfer onto the final substrate was done by
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lamination. Results can be seen in Figure 60. The laminated sample presented lower electrical four-point
resistance values, close to 1.5 k2 compared to values around 2.5 k€ for the spin-coated sample.
Although the coverage in graphene appears to be greater in the spin-coated sample, this is an area where
there was no air bubble formation. A more representative region is observed in the inset of Figure 60b,
showing large holes in the spin-coated sample due to air bubble formation (Figure 59b). Furthermore, in
the Raman measurements, it is possible to argue that slightly higher peaks corresponding to defects at
the 1350 cm ™1 point are visible in the spin-coated sample, which can be attributed to defects created
during the peeling process of the PVA, contributing to higher resistance. Poorer coverage of graphene in
some regions was attributed to the air bubble formation. Nevertheless, the laminated sample showed a
higher density of residues, visible as dark spots in Figure 60a, which contrasts with the spin-coated

sample, which has a cleaner appearance.
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Figure 60 — Comparison of lamination and spin-coat + lamination transfer processes.
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OM image of a region of transferred graphene by the lamination transfer process (a) and spin-coat + lamination
transfer process (b). The inset of (b) shows a region where bubble formation occurred during the lamination of
the spin-coated PVA and graphene. (c) Higher zoom image of (a) and respective Raman measurements. There is
continuous graphene coverage except in the green cross, where an air bubble prevented successful transfer, and
no signal was observed at the G and 2D peak regions. (d) Higher zoom image of (b) and respective Raman
measurements. Graphene coverage is continuous. An increased number of defects is present at the green cross.
(c,d) Throughout the OM images, it is possible to observe bright blue dots attributed to PVA residues due to the
heat applied during the lamination processes.

To further compare both approaches and to test their viability on a different substrate of interest, CVD
graphene samples were dry transferred onto the dummy wafer (appendix lll), which had already patterned
Au tracks on polyimide. In this case, the transferred samples did not originate in the same CVD run, and
thus, electrical resistance measurements were not performed to compare the two transfer processes.
Furthermore, the Pl substrate makes it very complicated to acquire a Raman signal from graphene (see
appendix VII). As such, OM and SEM images were utilized to assess the quality of each of the transfer
processes (Figure 61). The two transfer processes, lamination, and spin-coating (with IPA-assisted
transfer) produced distinct results visible in the OM and corresponding SEM images. The laminated
sample presented many tears attributed to the formation of air bubbles amid the lamination process,
visible in the OM images taken before the removal of the PVA support in the inset of Figure 61a, highly
compromising the graphene coverage. The tears visible in the OM images became even more evident
under the SEM (Figure 58c,e), where it was assessed that the coverage of graphene in the Pl substrate
areas is inferior, culminating in various charging artifacts forming in the acquired images. These aspects
are highly contrasting to the spin-coated sample, where the coverage appeared smooth in the OM and
SEM images, with no visible charging artifacts appearing in the Pl substrate areas (Figure 58b,d,f). These
evident differences somewhat vanished by analyzing graphene-covered regions at a smaller scale, as both
samples closely resembled each other (Figure 58g,h). Small filament-like objects are visible throughout
the graphene sheets, which were absent in the wet transferred graphene onto the device wafer (see
section 4.2.4), leading to the possible conclusion that they were PVA residues and pointing towards the
need to improve the PVA removal process. Furthermore, at the step-edges separating the Pl substrate
from the Au tracks, no evident differences were discernible, hinting that although the lamination process
requires the application of pressing forces, these do not play a significant role at this scale and do not
induce fractures on the graphene when non-flat target substrates are used. Tiny bright spots were visible
throughout the images in both the laminated and spin-coated samples, but by examination of a region of
the dummy wafer where no graphene transfer took place (inset of Figure 61g), it was concluded that
these residues were not related to the dry transfer of graphene, as they are present throughout the whole

wafer.
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Figure 61 — Dry transfer process by lamination (a,c,e,g) and spin-coat (b,d,f,h) onto the dummy wafer
comparison.
(a,b) OM images of the transferred graphene on the Au tracks (gold-colored) on Pl (green-colored) of the dummy
wafer. In the inset of (a), a sample OM image before the removal of the PVA, where air bubbles can be observed
in the form of brighter areas. (c,d) SEM images corresponding to (a,b), respectively. Dark regions correspond to
Pl, while lighter regions correspond to the Au tracks. Slight changes in the shade are attributed to the presence
(darker) or absence (lighter) of graphene on the Au tracks, while the presence or absence of graphene on the PI
is attributed to the non-formation or formation of artifacts, respectively. (e,f) Higher zoom SEM images of the
regions in (c,d). (g,h) SEM images zooming on Au edges covered in graphene. The inset in (g) shows an edge
where no graphene transfer occurred.

These results put the dry transfer utilizing spin-coated PVA at a higher standard, but care should be taken
as excessive peeling force, as already mentioned, can damage the graphene. In a distinct run of the dry
transfer utilizing spin-coated PVA onto the dummy wafer, although graphene coverage seemed very good
by observing the transferred area at a large scale, more careful examination revealed extended fractures
on the graphene following a brick-like pattern, attributed to excessive forces and deformations applied
during the peeling step from the Cu substrate. These features explain the highly intense D-peaks present
in the plots of Figure 59d, where although OM images show no visible cracks, a similar effect visible in

the SEM images probably took place during the transfer of that sample.

Figure 62 — SEM images of fractured graphene transferred by the spin-coat approach.
Although the effect is more pronounced in the region depicted in (a), it can be noticed that it is also present in
(b), with both images presenting a brick-like fracture pattern.

Considering all of the mentioned aspects, strong arguments could be made to favor any of the two transfer
processes utilized in this work. However, if one aims to reduce Cu residues and maintain a high degree
of graphene coverage, the spin-coating process has the edge, although delicate peeling is essential to

obtain a high-quality transfer.
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6.2 Decoupling Graphene from Copper

The processes above for transferring graphene from the Cu native substrate onto the PVA support polymer
and onto the target substrate are significant in the successfulness of the semi-dry transfer procedure.
Nevertheless, they highly depend on decoupling graphene from the Cu native substrate, which will not
happen if the adhesion force between PVA and graphene fails to exceed the adhesion force between the
2D material and the native substrate [61]. Moreover, a partial decoupling from the Cu substrate inhibits
delamination and transfer onto the PVA support polymer and affects the obtained graphene coverage on
the final substrate [71].

During the development of this work, distinct behaviors between CVD-grown graphene samples were
observed, with different samples producing consistently distinct results when dry transferred, although
the same processes were employed. Therefore, a deeper investigation of the decoupling phenomenon

was required to optimize the dry transfer process.

6.2.1 The Effect of Graphene Nucleation Site Density

Different CVD graphene samples were transferred by dry transfer, producing very different results for the
same transfer process. The high number of tunable parameters of the growth and transfer of the graphene
and the fact that experimental conditions are hardly exactly reproducible complicates the interpretation
of the results. Nevertheless, a remarkable tendency was observed when OxGr and noOxGr samples (see
section 3.4.1) were utilized.

On average, noOxGr samples presented lower electrical resistance measurements after the completion
of a dry transfer of graphene, independent of the kind of transfer process utilized. Furthermore, before
the transfer onto the final substrate, graphene patches on the PVA support presented a different shade
depending on whether the sample was OxGr or noOxGr. Figure 63d shows that the noOxGr sample has
a darker appearance than the OxGr sample, although both were decoupled and transferred under the
same conditions.

Moreover, by analyzing OM images of both graphene samples after the dry transfer process, these
differences in shading were translated in many darker areas throughout the noOxGr sample. It is well
known that although graphene is a transparent material, it absorbs a small percentage of light, meaning
that multilayers of graphene will have lower transmittance and thus appear darker under the OM than
monolayer graphene [26]. Raman measurements on both samples also revealed that the noOxGr samples

present more multilayer graphene areas than OxGr samples by analyzing the ratio between the 2D and
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G peaks. It is worth noting that although multilayers of graphene translate in a smaller 2D/G ratio, there
are instances where stacked graphene layers do not produce the expected Raman signal, showing the
same behavior as monolayer graphene (turbostratic graphene) [153]. These multilayers can be decoupled
from each other, acting as multiple distinct monolayers and providing an augmented single-layer Raman
signal. Nevertheless, they still present as darker areas under OM images. Thus, OM image inspection is
more reliable when assessing the number of graphene layers on a compatible substrate.

The darker regions are typically associated with nucleation sites of graphene, where double or multilayer
growth can occur [154]. Extensive studies have shown correlations between the oxidation state of the Cu
growth substrate before the graphene CVD growth and the number of nucleation sites [155]. These
studies point out that the pre-oxidation of the Cu substrate reduces the number of nucleation sites,
increasing the size of the crystallites and resulting in a higher degree of monolayer graphene. Due to the
pre-oxidation of the Cu substrate, the oxygen incorporated at the surface scavenges deleterious carbon
and aids in achieving a clean sample, effectively decreasing the available nucleation sites. The nucleation
site density directly correlates with the crystallinity of graphene, as more nucleation sites imply a more
significant number of graphene crystals, meaning that the grain boundaries encountered in noOxGr will
be significantly increased when compared with OxGr. Furthermore, nucleation sites and grain boundaries
are known to be a pathway for the diffusion of molecules, facilitating the intercalation of H,0 and O, which
are crucial for the oxidation of the interface between the graphene and the substrate in the decoupling
stage of the dry transfer.

Combining these facts allows us to understand why noOxGr samples present a reduced electrical
resistance since they are more easily decoupled from the substrate due to the enhanced intercalation of
water and oxygen molecules. Thus, the dry transfer process occurs more smoothly, preserving graphene’s

structural integrity.
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Figure 63 — Images depicting the steps in transferring noOxGr and OxGr samples by lamination.
(a,b) OM images and respective Raman measurements of noOxGr and OxGr, respectively. The noOxGr samples
appear “dirtier” than OxGr samples, although many wrinkles are visible in the latter. Graphene coverage appears
continuous on both types of samples. (c,e) OM images of noOxGr and OxGr samples after oxidation in DI water,
respectively. The former presents a very homogeneous behavior, while the latter can give rise to differently
colored Cu substrates depending on the region. (d) The appearance of noOxGr and OxGr samples after transfer
onto the PVA support polymer. The noOxGr samples appear as darker patches than OxGr samples. (f,g) OM
images and their respective Raman measurements of noOxGr and OxGr samples, respectively, after dry transfer
onto Si0O,. The noOxGr sample shows darker spots throughout the transferred area, which can be interpreted as
nucleation sites with multilayer graphene, confirmed by the Raman measurements. The OxGr sample shows a
higher prevalence of monolayer graphene. In this case, many regions with no graphene coverage are visible in
the OM image, shown as lighter-colored parts, and folded graphene is visible as bright filaments.

The OxGr samples presented a different behavior towards oxidation by immersion in DI water (Figure
63e). The oxidation of the Cu surface was heterogeneous throughout the sample, and some regions do
not get oxidized entirely, as observed by their apparent color under the OM. By performing Raman
measurements on these regions (Figure 64), it was possible to observe that the non-transferred regions
mainly correspond to multilayer graphene areas, which preserve the non-oxidized state of the Cu substrate
directly below them. Even so, this behavior was not homogenous, as different multilayer regions of the
samples appear to decouple the substrate successfully. Figure 64a represents one of these Cu substrate
regions with heterogeneous behavior and the corresponding area after the graphene is transferred onto
a SiO, substrate (Figure 64b). It becomes evident that the top portion of the OM image of the substrate,
which presents a different color (and thus a different degree of oxidation) from the rest, corresponds to
an area on the SiO, samples with better graphene coverage, namely in the multilayer regions.

Furthermore, these multilayer regions presented an enhanced oxidation rate near the edges and
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sometimes the center, similar to the behavior of individual graphene flakes immersed in water in Figure
7a [69].

These heterogeneities also applied to monolayer regions, as different areas of the OxGr samples appear
to get the Cu substrate to oxidize at different rates. Different colors obtained by the Cu growth substrate
after immersion in DI water were correlated with different degrees of oxidation, which appear to be
different in different Cu grains. These facts hinder homogeneity and good coverage after transferring OxGr
samples. Similar effects have been noted in several studies correlating the apparent oxidation of the Cu
substrate underlying graphene and its crystallographic orientation [74], [156], or even the relative

crystallographic orientations between Cu and graphene [157].
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Figure 64 — Different behavior of OxGr samples in respect to the decoupling.

(a) OM image of the boundary between regions with different behaviors and the corresponding transferred
graphene onto a SiO, substrate. The red line delimits the same two regions in both images, in which the upper
region appears to have a higher coverage of graphene than the lower one. (c) OM image and the respective
Raman measurements of a zoomed region of (a) after the graphene transfer. (d) Graphene transferred from the
region in (c) onto a Si0, substrate and respective Raman measurements. It can be observed that the non-oxidized
regions (bright colored) in (c) show the presence of graphene by observing the Raman measurements, and a light
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color in (d) is visible in the corresponding regions, effectively showing that non-oxidized regions of the substrate
hinder the graphene dry transfer. The red line denotes the boundary between the two regions in (a,b). Also, while
all Raman measurements point to monolayer graphene in (d), the OM image shows that dark blue, green, and
orange crosses are on top of multilayer graphene.

6.2.2 Enhancing Decoupling by Intercalation of Molecules

Although the correlation between diffusion pathways and the enhanced decoupling of graphene is evident,
it is, in a sense, counterproductive. There is interest in reducing the number of grain boundaries and
nucleation sites and achieving ever larger continuous monolayer graphene single crystals [36], [158],
[159]. So, there is an interest in decoupling them to enable the dry transfer. Achieving that goal entails
enhancing the decoupling of the graphene even if the amount of nucleation sites and grain boundaries is
limited.

Methods that facilitate the graphene-Cu decoupling can rely on enhancing the intercalation of the oxidative
molecules between graphene and the Cu-substrate, which can be achieved by intercalating other
molecules. This intercalation increases the distance between the Cu growth substrate and the graphene,
decreasing the interactions that hold the two together. Decreased interaction between the graphene and
the substrate could facilitate oxidation by immersion in DI water. Molecules such as H, can be intercalated
[74] successfully and even induce the reduction of the Cu surface if sufficient thermal energy is supplied.
As such, this process was tried as described in section 3.4.6. A preliminary test was conducted on an
OxGr sample exposed to the atmosphere for over two weeks but not immersed in DI water. An annealing
at 250° C under H, atmosphere was performed, followed by immersion in DI water for three consecutive
days and a subsequent transfer onto SiO, using the PVA spin-coat method. Raman measurements were
performed, and OM images were acquired prior to the annealing and after each step. The results are
exposed in Figure 65. The measurements were done in random sites. Neither OM images nor Raman
measurements show noticeable differences in the graphene quality before and after the H, annealing
process (Figure 65b,d). The Raman spectra show a clear presence of the 2D peak, with varying relative
heights to the G peak, which can be assigned to monolayer graphene, with a few exceptions.

Most importantly, the D peak appears to either be absent or have a smaller amplitude than the noise on
both measurements, which indicates that the annealing process does not damage the graphene. After
the immersion in DI water for three days, an interesting result was observed. The heterogeneity of
behavior previously observed is attenuated, and different grains show similar colors, indicating similar
oxidation levels of the Cu surface. Regions covered by multilayer graphene still presented seemingly no

oxidation, which indicates that the H, intercalation did not facilitate their decoupling. The Raman
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measurements taken at this step (Figure 65f) also showed an absence of the D peak, indicating that the
oxidation of the Cu’s interface with graphene did not induce defect formation. The transfer of this sample
onto the SiO, substrate shows a graphene coverage that appears continuous except for multilayer regions,
where only the borders were successfully transferred, although in some cases, complete regions were
decoupled and transferred, as in section 6.2.1. Furthermore, by analyzing the corresponding Raman

measurements, it can be seen that the D peak is now present, which is attributed to defects induced by

the PVA spin-coat transfer process.
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Figure 65 — Measurements between steps of the dry transfer with H, intercalation process.

(a,b) Prior to annealing in H, atmosphere, (c,d) after the annealing, (e,f) after oxidation in DI water for 3 days,
and (g,h) after transfer onto SiO, substrate. (b,d,f,h) correspond to zoomed regions and respective Raman
measurements of the images in (a,c,e,g), respectively. Raman background signal of (b,d,f) was removed for
clarity.

This experiment was tried a second time, but in this case, the H, annealing procedure took place
immediately after the CVD growth of the OxGr sample. The sample was then immersed in DI water for 3

days and OM images were acquired, depicted in Figure 66a. The homogeneity of the oxidation was not
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as evident as in Figure 65e, as different grains appeared to have very different behaviors, with some
presenting almost no oxidation at all. Some non-oxidized regions also resembled the hexagonal shape of
graphene crystals, typically observed in graphene multilayers grown around a seed layer, which can
explain why the underlying Cu was not oxidized. This behavior shows that the natural intercalation of O,
[46] under ambient atmosphere is crucial to achieving the complete oxidation and decoupling of graphene
from the native substrate before any DI water immersion.

Additionally, certain regions among the annealed OxGr sample presented a homogeneous, complete
oxidation. An example of such a region is depicted in Figure 66b, where no non-oxidized regions are
visible, and color differences are subtle, indicating homogenous oxidation. Furthermore, no Cu grain

boundaries are in sight, indicating that the region corresponds to a single grain of the underlying Cu

substrate.

Figure 66 — OM images of oxidized Cu substrate after 3 days immersion in DI water without buffer time to
promote O, intercalation in ambient atmosphere.
(a) Random region showing different behaviors towards oxidation of different grains. Yellow outlines mark non-
oxidized regions presumably covered by multilayer graphene, with some presenting hexagonal shape. Green
outlines mark grains where oxidation was inhibited. (b) Region of the same sample belonging to a large sized
grain where oxidation appears to be homogeneous and complete, with no evidence of multilayer graphene
regions inhibiting oxidation of the underlying substrate.

In summary, the H, annealing process appears beneficial for decoupling graphene when the OxGr sample
is exposed to the ambient atmosphere for enough time. The annealing did not induce defects in the

graphene and did not require any modification to the already established transfer process in this work.

6.2.3 The Role of the Underlying Copper Grain Orientation

The behavior of OxGr samples when decoupled via immersion in DI water or exposure to water vapor is
very different from the noOxGr samples. By analyzing OM images of both samples, it is evident that the

oxidation of the Cu surface interfacing graphene is different, which is also visible to the naked eye (Figure
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67). The noOxGr samples achieved a relatively homogenous behavior of the Cu substrate throughout the
whole sample, while the OxGr samples present very distinctive regions, like those depicted in Figure 64
and Figure 66. The type of region observed in Figure 66b, common to all OxGr samples, appears to
correspond to copper grains where oxidation is homogeneous as they present an oxidated homogeneous
color. These regions are visible to the naked eye, as they are associated with larger Cu grains than the

average (Figure 67b) and get a distinctive orange tint.

Figure 67 — Comparison of behavior of noOxGr and OxGr samples towards oxidation seen through the naked eye.
(a) Homogeneous ppearance of a noOxGr sample after oxidation in DI water for 7 days. (b) Appearance of OxGr
sample after oxidation in DI water for 3 days. Distinct regions are observable, with emphasis on orange-tinted
large spots. The insets denote a random region, with oxidation largely inhibited by multilayer graphene regions
and a substrate color ranging from red, to green, and blue (1), and a region of homogenous oxidation
corresponding to an orange grain (2). The diameter of the insets corresponds to approximately 1 mm.

The interest in these regions comes not only from the fact that their oxidation was apparently facilitated
but also from the fact that they appeared to be more efficient at decoupling monolayer and multilayer
regions of graphene in OxGr samples. For example, in Figure 67b, various regions are spread throughout
the OxGr sample, showing a different texture. By inspection under the OM, it is evident that the sample
is covered in multilayer graphene regions in the shape of small crystals (10-20 um). The underlying
substrate does not get oxidized in general (Figure 67b.1), except if these multilayer regions are located
in the orange-colored grains (Figure 67b.2). This effect can also be observed in Figure 68, where an OxGr
sample is depicted after three days of immersion in DI water. The grain corresponding to the
homogeneous orange region presented a completely oxidized surface. Contrastingly, neighboring grains
show very bright regions with no apparent oxidation of the underlying substrate. The non-oxidized regions
are covered with multilayer graphene, demonstrated by analyzing the Raman measurements (Figure

68b). However, in Figure 71c, multilayer graphene Raman signals are also present, although the
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underlying substrate got successfully oxidized, further confirming oxidation on the homogeneously colored

orange grain was facilitated.
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Figure 68 - Different oxidative behavior of different grains in OxGr samples with respect to multilayer graphene.
(a) OM image showing a region with two orange grains with apparent complete oxidation of the substrate
surrounded by grains with various non-oxidized regions shaped as graphene flakes, signaling multilayer regions.
(b) Zoomed OM image and corresponding Raman measurements of a boundary of the orange grain. Dark blue
cross denotes a spot where the substrate did not get oxidize and multilayer graphene presence is observed. (c)
Zoomed OM image and corresponding Raman measurements of an interior area of the orange grain. Instances of
multilayer graphene regions (dark blue and green) Raman spectra are acquired in lighter-colored regions of the
orange grain. This entails that although the multilayer region also was oxidized, the oxidation occurred more
softly.

These similarly colored and behaving grains in Figure 64, Figure 66b and Figure 68c showed greater
oxidation of the Cu growth substrate and, thus, should also have better decoupling performances.

Interesting results were observed by tracking the position of the graphene overlying these regions during

105



the dry transfer. Figure 69 displays a broader image of the regions in Figure 64a. It becomes evident how
the graphene in the region delimited by the Cu grain transferred more completely, showing a better

coverage of the SiO, substrate than on the surrounding Cu grains.

“100Qumn

Figure 69 - Stitched OM images of the Cu substrate and corresponding dry transferred graphene onto SiO2.
(a) OM image of the oxidized Cu growth substrate, with highlight in blue of the outline of a homogeneously
colored orange grain. (b) Corresponding graphene transferred onto SiO, substrate where an area with a more
complete coverage can be assigned to the grain in (a), as it possesses the same shape. The grid like pattern is
an artifact of the stitching process of the multiple images taken under the OM.

The enhanced oxidation of the substrate and decoupling of graphene appeared tightly correlated with the
grains of the Cu substrate. A correlation between the crystallographic orientation of the underlying Cu
and the decoupling was investigated by acquiring XRD PF measurements. These were performed on the
homogeneously-colored orange grains, and two in random regions (Figure 72 and Figure 73), originating
from the same OxGr sample (Figure 67b). The sample first underwent decoupling by immersion in DI
water for over a week, followed by a lamination transfer process to remove the graphene. The Cu substrate
was then cut into four pieces and individually laminated to improve flatness, prior to the XRD PF
measurements. Samples A and B possessed large orange grains up to 3 mm (Figure 72), while samples

C and D showed many different grains spread through their area (Figure 73).

The XRD measurements are possible due to the existence of a periodic arrangement of atoms in crystaline

materials [160], such as in Cu. These periodic arrangements form different planes of atoms with different

directions and different spacings for each plane. X-Ray radiation can diffract off of these planes and
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interact constructively depending on the used wavelength, A, angle of incidence with the plane, €, and

spacing of the planes, d, as expressed in Equation (4), Bragg's law, where n is an integer.

nA = 2dsin(0) Equation (4)

T2T measurements are limited to detecting crytallographic planes that are parallel to the sample normal,
which can allow to quantify the fraction of Cu crystallites with, for example, (111) or (100) growing
orientations. In polycrystaline materials, different grains can show different crystal facets at the surface,
which can be difficult to detect or quantify if their facets parallel to the surface correspond to a high index
plane with a weak diffraction signal. In PF measurements, one sets the 8 and 26 angles to a detectable
peak corresponding to a crystal plane. This plane exists in every grain, although more commonly than
not not parallel to the surface. The grain can be detected if one rotates the sample in such a way that the
incident and diffracted beam angles to the the plane’s normal are simetric and the Bragg's law can be
satisfied (Figure 70).

In the present work’s measurements, the PFs were measured to qualitatively assess the composition of
the Cu sample’s crystallographic orientation. For such, the X-Ray source’s beam collimator was set to a
value granting that the whole sample would be hit with radiation and every grain would be contributing to
the measured intensity at all times. Given unavailability of appropriate software during the work, standard

data correction treatment was not performed [160].
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Figure 70 — Schematic of X-Ray radiation reflection off of a given group of crystal planes.

In (a), with ¥ = 0 a given grain contributes to the reflection for the fixated 8 and 26 parameters, and its
neighbors do not, as their crystallographic orientation differs. Nevertheless, in (b), after adequate rotation in y,
one of the neighboring grains has the correct planes oriented in relation to the X-Ray beam and contribute to
reflection. From here, one can extrapolate the plane family that is present at the sample’s surface.

To then interpret the acquired pole figures, the theoretical (111) PF of a face centered cubic (FCC), like
Cu, single crystal was computed (Figure 71c) utilizing a custom Python script. It was computed by

supposing that an FCC single crystal stands in a reference frame such that (100), (010), and (001)
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planes’ normal vectors align with the x, y and z axis, respectively (Figure 71a). A rotation M was defined
such that after being applied to the initial reference frame, the (01-1), (-211), and (111) plane’s normal
vectors represent the unit vectors of the new reference frame, the chosen pole’s ((111) in this case)
reference frame. It is represented as follows:

0 —2/N6 1/V/3
M=|1/2 16 1/V3
—-1/N2 16 1/V3

Thus, M denoted the transformation from the sample’s reference frame onto the pole’s reference frame.
By applying the inverse transformation M ™1, one computed the coordinates of a given plane’s normal
into the sample’s reference frame. For example, applying M~ to the plane’s normal of (111) brings it
to be parallel with the z axis unit vector. This can be thought of as rotating the crystal in such a way that
the (111) plane is parallel with the equatorial plane of the unit sphere (Figure 71c). Upon projection onto
the equatorial plane of the unit sphere, a point arises at (0,0), as expected in a PF of (111) orientation,
meaning that a high intensity point should be measured when the setup is placed at the correct 8 and
20 for the (111) associated peak, and both ¢ and y are set to 0, in the presence of a (111) crystal facet.
By repeating this procedure of bringing a pole to the sample’s reference frame utilizing the same M ™!
matrix (or in other words, multiplying M~ by the unit vector corresponding to a given plane), one can
then stereographically project different plane’s normals to obtain the theoretical (111) PF for a single
crystal with a given crystallographic orientation. It is also noteworthy that given the symmetry of the Cu's
FCC crystal lattice, the presence of a facet implies the existence of planes that belong to the same family.
For example, the <100> index family possesses 6 different directions ([100],[010],[001],[-100],[0-
10],[00-1]). Nevertheless, as angles y > 90° would require transmission mode, y was limited to 85°
and one could only detect intensity peaks that would be projected from the north hemisphere of the unit
sphere. For example, in the <111> index family there are 8 different directions, but only 4 can be detected
when y scan is limited to the north hemisphere ([111],[-111],[1-11],[11-1]). So, only poles that are placed
in the north hemisphere of the unit sphere after rotation by M~ matrix could be detected in the utilized
setup. Furthermore, the polar projections of each plane direction in Figure 71c cannot be directly
correlated to the obtained intensity peaks in PFs, but the relative position of the peaks of each family to
the (111) direction can. For example, if when measuring a (111) PF one detects a peak at y = 35°, the
instensity corresponds to the beam being correctly aligned in relation to a plane of the <111> family,

which can be though of as rotating the crystal in Figure 71b to a point where the angle between the (111)
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plane normal and the z axis is around 35°, implying (by observation of Figure 71c) that the a plane of

the <110> family is parallel to the surface of the sample.
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Figure 71 — Conceptual representation of a pole and PF.
(a) Representation of a cubic crystal in a reference frame before (1), and after (2) applying the M~ rotation. The
intersection of the unit sphere with the equatorial plane and a vector denoting the direction of the (111) plane are
also represented. In (1) the (111) plane normal is unaltered, but in (2) it aligns itself with the z axis. (b)
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Computed stereographic projection of several plane families, identified by different colors, present in the north
hemisphere after rotation by the M~ matrix.

After measurements, the PFs of samples A and B show a narrow distribution of high-intensity points
(Figure 72), while samples C and D present a wider distribution (Figure 73). It means that samples C and
D possess more Cu grains with a higher distribution of orientations, as expected from analyzing the OM
images. Furthermore, a feature common to both C and D samples is that their PF resembles the shape
of the PF of the Cu substrate prior to any CVD growth (Figure 73E) or, in other words, prior to the
recrystallization of the Cu substrate that occurs at the growth temperature (1040 °C). One can conclude
that while in samples C and D the Cu preserved the crystallographic orientation exhibited before the CVD
process, the pre-CVD crystallographic memory was lost in samples A and B. Figure 72 shows that samples
A and B suffered a more intense recrystallization with barely any resemblance to the original Cu
substrate’s PF.

The distribution of higher intensity points of samples A and B can be used to determine the grain
orientations of the bigger grains. In the case of sample A, the observed pattern belongs to a (111) oriented
Cu grain as the highest intensity point corresponds to the center of the PF, and three other high-intensity
points are located at y = 70° and spaced by A@ =~ 120° (see Figure 71c). In sample B, the center
point also corresponds to the highest intensity point, but the other three high-intensity peaks expected to
be observed near y = 70° in the case of (111) oriented grains are more challenging to observe.
Nevertheless, the points marked with dashed yellow circles could be associated with these three high-
intensity points, assuming their position was skewed due to a non-flat sample. Furthermore, sample B is
significantly larger than sample A, which can intensify these effects if the sample is non-flat. Sample B
has more high-intensity points spread in the PF that can be associated with a more significant number of
randomly oriented smaller grains than in sample A. It can be concluded that sample A is more textured
in (111) than sample B is.

Regarding samples C and D, the OM images show that sample C possesses more orange-colored grains
than sample D, and by the previous analysis, should also present significantly higher intensity points near
the center and y = 70° regions of the PF, corresponding to (111) grains. By analyzing the PFs of these
two samples, it is not clear that sample C possesses more (111) oriented grains than sample D, although
an argument could be made by noticing that close to the y = 70° regions, sample C shows a greater

density of high-intensity points than sample D.
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Figure 72 — PF of the samples A and B (right), and corresponding OM images (left), corresponding to random
regions of an oxidized Cu substrate (C,D) and the Cu substrate prior to any CVD growth of graphene (E).
The PF of (E) closely resembles that of rolled pure copper [161]. The PFs of (C) and (D) show a sparse

distribution of points, slightly following the tendencies of PF (E).
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Figure 73 - PF of the samples C and D (right), and corresponding OM images (left), corresponding to random
regions of an oxidized Cu substrate. Sample E corresponds to the Cu substrate prior to any CVD growth of
graphene. The PF of (E) closely resembles that of rolled pure copper [161]. The PFs of (C) and (D) show a sparse

distribution of points, slightly following the tendencies of PF (E).

These results seem to prove that the regions where decoupling of graphene is best achieved correspond

to Cu grains oriented in the (111) orientation. The formation of large (111) oriented grains via slow cooling

of the Cu growth substrate after the CVD growth of graphene has been previously demonstrated [46],

which goes in accordance with the results obtained in this work, as the cooling stage of the CVD growth
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of the graphene samples used in this work is slow, taking close to 6 hours. In regard to the oxidation of
the interface between graphene and the underlying Cu substrate, the results in this thesis are
contradictory to what is typically observed in the literature. One study [74] claims that (111) orientations
of Cu oxidize via strong contributions of graphene wrinkles, which are typically more reactive and result
in non-homogenous oxidation. Another, more recent study [156], claims (111) oriented Cu grains
demonstrate poor homogeneity of oxidation and low transfer yield and points higher index orientations
such as (168) at a higher level in relation to its desirability for the dry transfer of graphene. On the other
hand, a different study [73], points that (111) Cu orientations coated in monolayer graphene are more
reactive than, for example, regions of (100) oriented Cu. In this same study, it is also shown that Cu
regions covered in bilayer graphene are a lot less reactive than monolayer graphene covered ones, which
was also verified in this work. Unfortunately, no correlation is explored between the bilayer graphene
decoupling and the corresponding orientation of the underlying substrate in [73] — which was observed

in the present work.

6.3 Concluding Remarks on Graphene Dry Transfer

The graphene dry transfer proved to be a complex process with various nuances that hinder or promote
a successful transfer.

How the PVA is applied is critical. The lamination process promotes bubble formation, which hinders
good coverage of the target substrate, a problem absent when the polymer is spin-coated. Nevertheless,
the spin-coating transfer process poses a higher risk of inducing small-sized graphene defects. The
conclusion is that the PVA application should be made by spin-coating, but the peeling of the PVA should
have the same stability as with the laminated polymer. A hybrid approach entailing PVA spin-coating
followed by lamination with a thicker PVA foil could provide the benefits of both approaches without the
drawbacks.

Regarding the decoupling processes, the roles of the existing nucleation sites and grain boundaries proved
crucial in making the transfer of graphene more efficient, with the noOxGr samples being more
straightforward to decouple than the OxGr ones. Furthermore, the OxGr samples entailed a heterogeneous
behavior towards the oxidation. This inconsistent behavior led to trying to promote intercalation of H,
molecules on OxGr samples, showing positive results.

The different behaviors of the Cu substrate on OxGr led to the study of the grains that would promote

efficient graphene decoupling by homogenous substrate oxidation, even in hard-to-decouple multilayer
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graphene regions. These grains were found to have a crystallographic orientation (111), which contradicts
results seen in the literature, proving to be an exciting result for the overall understanding of the

decoupling process of graphene and its interaction with the underlying substrate.

Overall, the dry transfer process was demonstrated and highlighted different aspects worth investigating.
Good coverage of the target substrates was achieved, and underlying mechanisms enabling the transfer
were understood, opening way for further development and enhancement of the dry transfer process. By
incorporating this transfer methods in the projected neurochemical graphene-based sensor, PMMA
residues can be avoided, and the associated manufacturing costs significantly lowered. Furthermore, a
possible future integration with roll-to-roll technology could enable the large-scale fabrication of such

devices, making them more affordable and available.

114



7.CONCLUSIONS AND FUTURE WORK

The work done in this dissertation project was extensive and covered multiple areas of research. The
development of a graphene field-effect transistor fabrication process was investigated. Simultaneously, a
method for integration of flip chip micron-sized light emitting diodes in the same substrate was
established. Finally, a scalable and affordable method for the transfer of graphene was explored. The
conjoined efforts in all these areas aimed towards the development of a flexible device based on graphene
transistors for the detection of neurotransmitters ex vivo.

This work allowed for the development, testing, optimization, and validation of various parts of the
fabrication process of graphene transistor in polyimide. The device layout was established, and the use
of polyimide substrate and gold conducting tracks were validated. Furthermore, the graphene wet transfer
was successfully tested, although problems with residues arose in the device wafer. Other critical points
that need further optimization in next iterations of the device were highlighted. Future work regarding this
device development entails the correction of the edges obtained in the Au tracks and completion of the
projected fabrication process. Possibly, the testing of different deposition methods on top of the graphene
would also be beneficial, such as evaporation.

Concerning the micron-sized light emitting diodes mounting, the stamping and pick-and-place approach
were very successful, and their integration with the designed fabrication process of the wafer was
accomplished. The developed approaches proved adequate, conferring low complexity and reliable
mounting with the addition of a transparent epoxy. As the polyimide release process proved to be
destructive for the micron-sized light emitting diodes, testing the mounting in released polyimide
substrates would be of great importance in the future. Furthermore, the assessment of the endurance of
the achieved connections and the micron-sized light emitting diodes in a biological environment would be
crucial, to validate the reliability of the approach for in-vivo applications, as high humidity levels and
deformations are unavoidable.

Finally, the dry transfer of graphene was explored in this work with satisfying results. The importance of
different approaches for transferring graphene to the PVA support polymer and the crucial role of
decoupling the graphene from the Cu native substrate were demonstrated. The application of PVA via
lamination and spin-coating were assessed, highlighting benefits and drawbacks, and emphasizing the
need for a hybrid method to transfer the graphene. Furthermore, the importance of the crystallographic

orientation regarding the decoupling was demonstrated, finding that (111) orientations of Cu promote the
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decoupling of monolayer and multilayer graphene. These findings open the way for exploring graphene
growing on top of (111) substrates via controlled cooling to enable efficient dry transfer of graphene, and

even pave the way for application in roll-to-roll technologies.

Overall, the three different areas studied here could converge towards fabricating a GFET-based
neurotransmitter sensor, with integrated uLEDs mounted via stamping and pick-and-place methods and
utilizing dry transferred graphene, as all processes are compatible. The well-established micro-fabrication
technologies would benefit from the practical mounting technique of micron-sized light emitting diodes
and the affordability and cleanliness of the dry transfer of graphene, enabling the development of an

inexpensive, effective, and reliable device.
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APPENDIX | — GFET FUNCTIONALIZATION PROCESS

The liquid gated GFETs can react to some components of the analyte applied on them. In complex
analytes, there is an interest in detecting only a certain component, even if present only in small
concentrations. As such, there have been developed processes to modify graphene that make it react
with the desired molecule with high selectivity and affinity. The process intended to be utilized with the
GFETs designed in this work rely on the utilization of aptamers, single strands of DNA designed for high
affinity and selectivity towards specific molecules, in this case dopamine, described in [10], and as follows
(Figure 74):

1. The GFETs are incubated in 2 mM 1-Dodecanethiol for 4h and then cleaned with DI water and
dried under N, flow.

2. A drop of 20 pL of 10 mM 1-Pyrenebutyric acid N-hydroxysuccinimide, dissolved in
dimethylformamide, is added on top of the GFETs for 2h in a humid chamber, and then cleaned
as in the previous step.

3. The DNA aptamer sequence is dissolved in MilliQ water down to 20 uM and a 20 uL drop is
applied on the GFETs for 16h in a humid chamber in the dark, followed by the cleaning procedure.

4. A drop of 20 pL of 100 mM ethanolamine dissolved in DI water is incubated on the GFETs for
30 minutes, followed by DI water rinse and dried under N, flow.

Succinctly, these steps encompass the passivation of the gate electrode (1), the introduction of the linker
molecule on top of the graphene (2), the binding of the aptamer to the linker (3), and finally the passivation
of linkers with no aptamer to prevent non-specific binding of molecules (4).

Figure 74 — Steps of the functionalization of graphene in liquid gated GFETs for dopamine detection with
aptamers. The passivation of the gold electrode is omitted.
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APPENDIX Il — pLED MOUNTING TEST WAFER FABRICATION STEPS

Table 4 - Simplified runsheet of uLED mounting test wafer fabrication.

Metrology related steps are not represented.

Process Step Description Comment
Si Wafer - -
PECVD Si02 Deposition of 500 nm of SiO, -

Spin Coat of Pl 2611

Achieved 3.5 um thickness of PI
substrate.

Visible bubbles and “comets” on
the surface after soft bake.

Patterning of AZ1505 for tracks
lift-off

AZ1505 photoresist was spin-coated
and lithographically patterned.
The photoresist was soaked to

improve definition.

Sputter Au/Cr

Cr and Au were sputtered on the
wafer, achieving 5nm and 45 nm
thickness, respectively.

Lift-off

The wafer was immersed in acetone,
exposed to ultrasounds, and later
cleaned in IPA and DI water.

Spin Coat of Pl 2611

Achieved 3.5 pum thickness of PI
passivation.

Visible bubbles and “comets” on
the surface after soft bake. Good
conformity.

Patterning of AZ1505 for
AISiCu Sacrificial Layer lift-off

AZ1505 photoresist was spin-coated
and lithographically patterned.

Sputter AISiCu Sacrificial Layer

Deposition of 100 nm of AlSiCu.

A soft etch was done prior to the
deposition to enhance adhesion of
the film.

Lift-off

The wafer was immersed in acetone,
exposed to ultrasounds, and later
cleaned in IPA and DI water.

Pl Via Opening and Patterning
by RIE

RIE in CF, and O, plasma was used to
etch PI down to the Au/Cr.

The etch was done in steps until
the etch rate reduced in regions
with underlying Au. PI residues

were left on top of Au tracks, of

which the thickness was reduced.

AISiCu Sacrificial Layer Strip

AISiCu layer fully removed in Al
etchant.

Immersion in acetone took longer

than expected. Chemistry of the

RIE possibly modified the AlSiCu,
making is harder to remove.

Dicing

The wafer was covered in a thick
layer of photoresist and diced in 6
mm x 6 mm chips.

Due to the topography of the wafer,
the photoresist spin-coat was not
even.

HF Dry Etch of Si0,

Individual chips were exposed to the
dry etch process to release Pl from
the Si substrate.
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Figure 75 - Schematic of the fabrication steps of the uLED mounting test wafer.
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APPENDIX Il — DuMmmyY WAFER FABRICATION STEPS

Table 5 — Simplified runsheet of dummy wafer fabrication.
Metrology related steps are not represented.

Process Step Description Comment
Si Wafer - _
PECVD Si02 Deposition of 500 nm of SiO, -

Spin Coat of Pl 2611

Achieved 3.5 um thickness of PI
substrate.

Visible bubbles and “comets” on
the surface after soft bake.

Sputter AISiCu Sacrificial Layer

Deposition of 200 nm of AISiCu

A soft etch was done prior to the
deposition to enhance adhesion of
the film.

Patterning of AISiCu Sacrificial
Layer

AZ1505 photoresist was spin-coated
and lithographically patterned.
AISiCu was wet etched, and the
photoresist later removed with
acetone.

Pl Patterning by RIE

RIE in CF, and O, plasma was used to
etch Pl down to the SiO,.

A slight overetch was done to
ensure complete Pl removal.

AISiCu Sacrificial Layer Strip

AISiCu layer fully removed in Al
etchant.

Patterning of AZ1505 for tracks
lift-off

AZ1505 photoresist was spin-coated
and lithographically patterned.
The photoresist was soaked to

improve definition.

The patterned PI hindered even
spin-coating due to the non-uniform
surface.

Sputter Au/Cr

Cr and Au were sputtered on the
wafer, achieving 3nm and 35 nm
thickness, respectively.

Lift-off

The wafer was immersed in acetone,
exposed to ultrasounds, and later
cleaned in IPA and DI water.

The non-even spin-coating of the
photoresist resulted in a number of
defects in the patterned Au/Cr
tracks.
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Figure 76 — Schematic of the fabrication steps of the dummy wafer. The non-executed fabrication steps are
represented in fainter colors.
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APPENDIX IV — SPACER LAYER PATTERNING

The spacer layer was fabricated in PET and patterned by CO, laser cutting. Two different cutting modes
were utilized, being the scan and pulse. The scanning mode moves the laser while it continuously hits
the PET with the high intensity focused light and was utilized to do the cutout of the layer in the PET film
(Figure 77a). The pulse mode shines a short pulse of high intensity light at a given location, creating a
cylindrical cavity in the film (Figure 77c).

The cavities created by the pulse mode would then be used to fit the uLEDs and, as such, require a
diameter capable of accommodating them. By tuning the power of the laser, the diameter of the cavity
could be modified, and a diameter of over 460 um was achieved (Figure 77c) by applying 60% of laser
power during a pulse. These dimensions are suitable for the fitting of the uLEDs.

5
60% Power 460 um diameter i T‘:}% ; i & ) : ]
Figure 77 — Patterning of the PET layer.
(a) Image of a patterned PET layer. The red and green circles denote a cavity and an edge where contact
profilometer measurements took place, respectively. (b,d) OM images and respective contact profilometer
measurements of a patterned cavity and edge, respectively. (c) OM image of a patterned cavity with 460 pum in
diameter seen from the top side.

Nevertheless, one should also consider the tall edges formed during the patterning of the PET. By
performing contact profilometer measurements on both the cavities (Figure 77b) and the PET edge
(Figure 77d), it is noticeable how a tall ridge is formed near the edges of both locations. These ridges can
complicate assembly of the device and hinder a flat surface. To overcome this issue, the PET would be
patterned in a mirrored layout and then flipped, so the ridges face the puLED layer instead of the GFET
array. As there is a necessity to glue all the layers, the void space that these ridges would create would
in turn be used to allocate the glueing material.
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APPENDIX V — DEVICE WAFER FABRICATION STEPS

Table 6 — Simplified runsheet of uLED mounting test wafer fabrication.

Metrology related steps are not represented.

Process Step Description Comment
Si Wafer - -
PECVD Si02 Deposition of 500 nm of SiO, -

Spin Coat of Pl 2611

Achieved 3.5 um thickness of PI
substrate.

Visible bubbles and “comets” on
the surface after soft bake.

Patterning of AZ1505 for tracks
lift-off

AZ1505 photoresist was spin-coated
and lithographically patterned.
The photoresist was soaked to

improve definition.

Sputter Au/Cr

Cr and Au were sputtered on the
wafer, achieving 10 nm and 100 nm
thickness, respectively.

Lift-off

The wafer was immersed in acetone,
exposed to ultrasounds, and later
cleaned in IPA and DI water.

Graphene Wet Transfer

OxGr was wet transferred onto the
patterned Au/Cr tracks. PMMA was

High number of residues and
graphene tears present after the

removed in acetone. PMMA removal.
Si Wafer PECVD Si02 Spin Coat
675 um PI2611 3.5um
—— I
AZ1505
S
e . S L — T —— I

Graphene __——— o AZISS
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1035 nm
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Figure 78 - Schematic of the fabrication steps of the device wafer. The non-executed fabrication steps are

represented in fainter colors.

138



APPENDIX VI — PMMA RESIDUES ON GRAPHENE

The graphene wet transfer relies on the usage of a support polymer. One of the most used polymers, as
the one used in this work, is PMMA, and it is known to produce residues on top of the graphene surface
which p-type dope the material. The utilized PMMA in this work is prepared by dissolving PMMA-550k
and PMMA-150k in 2:1 ratio (3% wt) in anisole (97% w), as it was deemed optimal for suppression of
contaminations in the wet transfer of graphene, producing the highest quality transfer [162].

During the development of this work, an unusual behavior of the prepared PMMA was observed, and
significant amounts of residues were being left on the graphene, even after adequate removal of the
polymer with acetone. A standard wet transfer of noOxGr graphene was performed on top of an SiO,
substrate, and OM images were acquired, as depicted in (Figure 79). It is visible throughout the area of
the transfer that bright green dots are present, attributed to PMMA residues. In higher zoom images,
these are also present in the form of a sheet that covers some areas of the graphene. Furthermore, higher
dimension residues are also present, attributed to bigger-sized residues formed during the removal of the
PMMA in acetone.

100 pum 100 um
_— —

40 nn 40 un

Figure 79 — OM images of wet transferred graphene onto SiO,, after removal of compromised PMMA with
acetone.

This entailed that one or more of the three utilized reagents might have been compromised, and a
replacement was necessary. This replacement did not occur in time for this work, leading to the utilization
of the compromised reagents during the wet transfer in section 4.2.4, and a subsequent hesitation on
continuing the fabrication process of the device wafer.
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APPENDIX VIl - RAMAN MEASUREMENT OF GRAPHENE ON PI

Raman spectroscopy is a standard technique in the characterization of graphene and is utilized for both
assessing graphene quality as well as coverage after a transfer onto a target substrate. As graphene is
on top of a substrate, its Raman signal will also be detected, and it can be a limiting factor on the
acquisition of signql__
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Figure 80 — Raman measurements of graphene on PI.
(@) Graphene transferred onto Au on Pl and bare Pl and respective Raman spectrum with 532 nm laser and
2 mW power with 50x zoom lens. (b) Region in (a) under 100x zoom lens and respective Raman
spectrum. (c) Graphene transferred onto bare Pl and Raman spectrum with 785 nm laser and 10 mW
power utilizing 100x zoom lens.

Raman measurements were performed on graphene transferred on top of Pl and Au on PI, on the dummy
wafer, and results are exposed in Figure 80. In Figure 80a, measurements with 532 nm laser with 2 mW
power show an oscillation on top of a background signal, attributed to interference caused by the 30 nm
of Au deposited on top of the PI. Although in the OM images the graphene coverage is evident, no
corresponding signal is detected. In Figure 80b, a higher zoom lens (100x) was utilized, in order to
achieve a smaller depth of focus, and reduce the Raman signal originating from the PI. This time, on top
of the Au it is possible to observe the 2D peak of graphene amid the oscillations, although the D and G
peak are not noticeable. The Raman measurement from the graphene transferred onto the bare Pl only
shows a background signal from the PI, and the D, G and 2D peaks are not noticeable. In (FIG)c, a 785
nm laser, with 10 mW power, and the highest zoom lens (100x), with the smallest depth of focus, was
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utilized in order to move away from the background signal originating from the PI. A region of graphene
transferred onto bare Pl was analyzed. With this laser, it is possible to observe typical Pl peaks in the
lower part of the spectrum. Unfortunately, these peaks mask the G peak of graphene. The 2D peak is
noticeable near the 2600 cm™? point of the plot. It is blue shifted due to the utilization of a bigger
wavelength laser. The peaks are very small in comparison to the background signal, and with no possibility
of analyzing the G peak, possible assessments about the graphene quality are limited. Furthermore, the
high power utilized can lead to an undesired damage of the substrate. Overall, all these facts and effects
deem the analysis of graphene on Pl by Raman spectroscopy unpractical with the available equipment,
and other methods should be given priority.
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