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Abstract

The huge graphene boom of the last decade led to its use in a very large number of
application in different fields. In this thesis I explore single layer graphene properties to
develop two main applications in chemistry and biology. First, the attention will be focused
on graphene cleanness. A novel graphene transfer method, using graphene on copper grown
via chemical vapour deposition, is developed. This involves the use of a thin titanium layer
as graphene support during its transfer from the metal on the final substrate instead the
common used polymer, avoiding residuals and contaminations.

Secondly, single layer graphene was used to fabricate sealed cell for liquid investigation.
Graphene nanobubbles filled with water were fabricated on a TiO; substrate and used for
liquid analysis with different techniques, such as electron microscopy, Raman spectroscopy,
and, more interesting, x-ray electron spectroscopy in ultra-high vacuum conditions. These
sealed graphene liquid cells were used to follow two chemical reactions, the thermal-induced
iron reduction in a FeCls solution and the photon-induced iron reduction in liquid Prussian
Blue.

In the last part, a biological application will be presented; this involve the use of supported
and suspended single layer graphene for rat hippocampal neuronal cells growth,

demonstrating the big potential of this material for neuronal interfaces.
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Introduction

George Beylerian, the founder and current head of Material ConneXion, a global materials
supplier to designers and industry, which hosts one of the largest physical libraries of
advanced materials in the world, once said “The world seems to expect a never-ending
supply of new material option”.

Since prehistoric times, materials have played a key role in the development of society. In
the Stone Age, the progress was determined by the availability of materials, like wood and
stone, able to foster technological innovations. At the end of the eighteenth century, the
development of new materials, such as steel, has resulted in the creation of structures
impossible to achieve before. If earlier the introduction of new technologies was determined
by the availability of existing materials, in the last centuries there has been a change of
direction: new materials with desired physical and chemical properties were developed
thanks a continuous improvement of the scientific knowledge.

The discovery of graphene in 2004 is leading to the explosion of a new era, immediately
recognized by the Nobel prize committee who awarded the prize in 2010 to Andre Geim and
Konstantin Novoselov, who isolated the first monolayer of graphene exfoliating a piece of
graphite. Much has been done so far, but still negligible compared to the great potential of
this material.

This thesis analyzes the key aspects of this amazing material, and exhibits some innovative
applications in the chemical and biological field. In particular, the Chapter 1 is an overview
of properties, application and synthesis method, up to the description of the main transfer
methods which represent the “bridge” between graphene production and applications. The
Chapter 2 analyzes the problem of contaminants common to transfer methods involving the
use of a polymer; it presents an alternative method that I developed at IOM-CNR laboratory
in Trieste which involves the use of a titanium sacrificial layer instead of polymer; the
method demonstrates the achievement of a clean and efficient transfer technique suitable for
supported and suspended graphene. The Chapter 3 analyzes the great impact of graphene in
transparent membrane, describing a novel type of graphene liquid cell obtained with
nanobubbles containing water between graphene and a TiO; substrate; the Chapter shows

the possibility to use this nanobubbles as cell for in situ electron spectroscopy of liquid in



ultra-high vacuum conditions. The Chapter 4 presents the same cells for the analysis and
monitoring of two chemical reactions: the thermal reduction of Fe in FeCls solution, and the
photoreduction of Fe7(CN)g promoted by UV light. The reactions are studied using x-rays
photoelectron spectroscopy and other techniques, demonstrating the possibility to use the
nanobubbles as cells to follow chemical reactions for in situ electron spectroscopy in ultra-
high vacuum. Finally, the Chapter 5 shows the use of clean graphene for a biological
application: the possibility to grow primary hippocampal neurons of suspended graphene is
discussed, and the increased results of neuronal activity compared to controls or to supported
graphene are shown.

To conclude, the appendix reports two different works carried out in parallel and in
collaboration with FERMI at Elettra in the field of x-ray free electron laser: they involve the
development and fabrication of a pixeleted phosphor detector for the precise characterization
of the free-electron laser beam, and another device for the simultaneous characterization and

fast spatial and temporal overlapping of two beams in the pump and probe experiments.



Chapter 1

1.1 The discovery of graphene

The first graphene flake has been isolated in 2004 by Andre Geim and Konstantin Novoselov
in the University of Manchester [1]. They exfoliated a piece of graphite using an ordinary
adhesive tape, and isolated a single graphene sheet depositing it on a Si02/Si substrate. They
fabricated a field effect transistor (FET) with graphene as channel which could be switched
between 2D electron and hole gases by changing the gate voltage. The graphene discovery
and its characterization led to the assignment of the Nobel Prize in Physics in 2010 to Geim

and Novoselov and opened the way to a great line of study that still continues today.

1.2 Graphene structure

Graphene is a single layer of carbon atoms arranged in a honeycomb structure. Carbon has
four valence electrons, three of which are sp” hybridized and participate in o-bonding with
their neighbors; these bonds maintain the interatomic distance of 0.142 nm and are
responsible of graphene mechanical properties. The fourth electron occupies the not
completely filled p. orbital perpendicular to the one dimensional sheet, creating a delocalized
m-bonding and is responsible of the weaker interplane interaction in graphite. When only a
single plane exists, these electrons are delocalized on the full plane and are responsible of
the electron conduction properties of graphene. A cartoon of the honeycomb structure and

atoms bonding is shown in Fig. 1.1.
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Fig 1.1: a) honeycomb structure of graphene lattice; b) scheme of the o~-bonding and -

bonding of the carbon atoms [2].
The atoms of graphene structure do not correspond to the points of a Bravais lattice; the
primitive cell can be combined by two triangular sublattices, indicated in Fig. 1.2a and
labelled “A” in blue (Fig. 1.2a) and “B” in yellow (Fig. 1.2b). The lattice vectors are defined
by the (1.1):

a;=-(3V3), a,=-(3-V3) (1.1)

Where a = 1.42 A is the length of graphene C-C bond. Fig. 1.2b shows the cell in the

reciprocal space, in which vectors are described by the (1.2):
2T 2T
by =32(LV3), b =37(1,—V3) (12)

The point indicated as I', M, K and K’ are the center, edge and corners of the Brillouin zone,

respectively.



Fig. 1.2: a) The graphene lattice [3]. A and B are the two sublattices with vectors a; and a;

and three nearest neighbors 81, 82, 03; b) reciprocal space with vectors b and bo.

1.3 Graphene properties: the “wonder material”

Since the isolation of the first flake, graphene has attracted great interest because of its
unique properties. It is called “the wonder material” for its supreme characteristics. First of
all, presents very high room-temperature electron mobility, equal to 2.5 X 10°cm?V~1s™1
(100 times higher than silicon) [3]. These remarkable electronic properties derive from the
graphene band structure: it is a zero bandgap semiconductor with two linearly dispersing
bands that touch in six points of two different equivalences K and K’, the so-called Dirac

points. These points are the corners of the first Brillouin zone, as shown in Fig. 1.3.

Fig. 1.3: electronic dispersion in the honeycomb lattice. The zoom indicate the energy

bands close to one of the Dirac points [3].
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The energy dispersion close to the Dirac points is linear with the momentum and can be

described from the equation (1.3):

E = hkvy (1.3)

Where £ is the wave vector and vy is Fermi velocity equal to ve = ¢/300, (c is the velocity
of light in vacuum). Electrons and holes have zero effective mass close to the Dirac points
and their speed is higher than all known materials (10® m/s) with a carrier charge density
of 1013cm™2 [1]. This is the reason of the graphene extremely impressive high mobility. As
already discussed, since graphene monolayer exhibits a linear dispersion, half-integer
quantum Hall effect is observed [4], instead of the integer one, that is usually observed in
2D materials. This is due to graphene quasiparticles which behave as massless Dirac
fermions and there is a zero energetic state.

Graphene o orbitals form a strong bond and give great stability to the structure. For this
reason, some interesting mechanical properties are present, such as the Young’s modulus
close to 1 TPa (the strongest material ever discovered) [4], and an intrinsic strength of 130
GPa (compared to 400 MPa for A26 structural steel or 375 MPa for Kevlar) [5].

Moreover, graphene presents other impressive properties, such as high thermal conductivity
equal to 3000 WmK™? (10 times higher than copper) [6], impermeability to liquid and gas
[7], optical absorption coefficient of 2.3% (50 times higher than gallium arsenide) [8],
chemical stability [9], super flexibility [10] and biocompatibility [11].

1.3.1 Graphene impermeability

Graphene is impermeable to all molecules and gases. In fact, graphene’s m-orbitals form a
dense, delocalized electronic cloud that screens the gap within its aromatic rings. Berry’s
theoretical calculation [12] indicated that there are no holes in the electron-density inside the
aromatic rings to allow molecules to pass. If the actual electronic radius of the carbon atoms
is considered, the geometric pore size of graphene would decrease from 0.246 to 0.064 nm,
which is smaller than the diameter of the smaller molecules like helium (0.28 nm) and

hydrogen (0.314 nm) [12]. Fig. 1.4 shows a scheme of the geometric pore of graphene.



C atoms vdw radius
' Q =0.11 nm

C-C bond length
' =0.142 nm

. Geometric pore
=0.064 nm

Fig. 1.4: theoretical calculation of geometric pore of graphene, vdw: Van der Waals [12].

It was demonstrated that impermeable graphene on mica can trap crystalline adlayers of
water at room temperature, and this allows the measurements of the size of these adlayers
on mica surface [13]. In the experimental Chapter 4 and 5, graphene impermeability will be
used to trap several liquids on a TiO» surface, in order to create sealed liquid cell for different

analysis.

1.4 Synthesis methods

Since the first discovery in 2004 through mechanical exfoliation of graphite, different
methods have been developed for graphene production: chemical vapour deposition (CVD),
liquid phase exfoliation or epitaxial growth on silicon carbide (SiC), only to cite a few. Each
technique shows advantages and but also disadvantages of the produced graphene. The
scheme in Fig. 1.5 shows the relation between the most common production methods and

graphene quality. These techniques are described in detail in next sections.
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Fig. 1.5: different synthesis method in relation with price and quality.

1.4.1 Mechanical exfoliation

The mechanical exfoliation technique, or scotch tape technique, is based on the cleavage of
graphite with the use of a tape. The van der Waals bonds between graphite planes are of the
order of 2 eV/nm?, so the force to separate 1 um? of graphite peeling the sheet is 300 nN,
assuming the graphene substrate friction coefficient equal to 1 [14]. Using a common tape,
it is possible to cleave few graphite sheets and transfer them on a substrate just pressing the
tape and peeling the sheet when the tape is removed. Graphene remains attached to the
substrate due to van der Waals forces (i.e. for SiO the adhesion strength is 0.45 J/m [15]).
Usually, highly oriented pyrolytic graphite (HOPG) is used for this purpose because is highly
pure and ordered and the individual crystallites are well aligned to each other. In Fig 1.6 the

different steps of the process are shown:



Fig. 1.6: mechanical exfoliation process: (a) tape is pressed against the HOPG surface; (b):

HOPG sheets are peeled with the removing of the tape, resulting in few crystals of layered

materials; (c) the tape is pressed against the desired substrate and (d) peeling off the tape,
the bottom sheet is left on the substrate [16].

Mechanical exfoliation is a fast, handle technique and produces the highest graphene quality
but presents several important disadvantages. First of all is not reproducible and the
production of flakes with single carbon layer is merely a matter of chance; second, the flakes
are not homogeneously distributed on the surface, the majority of them are graphene
multilayer while the number of monolayers is limited; finally, the size of the obtained flakes

is usually tens of micron, so is not useful when large-area graphene is needed.

1.4.2 Liquid phase exfoliation

The liquid phase exfoliation involves the use of a reactant for the separation of graphite
planes. Usually hydrogen peroxide, sulfuric acid or acetic acid [17] are used; graphite is
immersed in the liquid and exfoliated by ultrasonication. The result is graphene oxide flakes
suspended in a colloidal solution. These flakes can be reduced to form graphene flakes, using
hydrogen plasma or alkaline solutions. An example of the process taken from the ref. [18] is

shown in Fig. 1.7.
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Fig. 1.7: Scheme of liquid phase exfoliation: (a) pristine graphite; (b) expanded graphite;

(d) (e)

(c) insertion of acetonitrile molecules into the interlayers of the expanded graphite; (d)
exfoliated graphene planes dispersed in acetonitrile; (e) samples under different conditions:
solvothermal process (1) 600 rpm, 90 min; (2) 2000 rpm, 90 min; solvothermal-free
process (3) 600 rpm, 90 min; (4) 2000 rpm, 90 min [18].

Usually the method is used to produce graphene nanoribbons with lateral size < 10 nm [19].
The advantage of the technique is the low cost and the ease in handling. It is possible to
control the size of the graphene flakes controlling the time of sonication step: the longer is
the sonication time, the smaller is the size of the flakes because fragmentation occurs [20];
on the other hand, graphene sp’ bonds are degraded to sp’-sp’ bonds and this results in a
degradation of quality and purity of flakes. Nevertheless, this method is suitable for many
applications, such as the production of graphene based inks or as a source of a component

of composite materials.

1.4.3 Chemical Vapour Deposition

The most popular approach to obtain large-area graphene is chemical vapour deposition
(CVD). Molecules of a hydrocarbon gas such as methane (CH4), ethylene (C2Hs), acetylene
(C2H») are used as precursor; generally, these molecules are decomposed at 900-1000 °C in
a range of pressure from 100 Pa to 10> Pa. At these temperatures, the molecules in contact

with the surface decompose; the carbon atoms stick to the substrate with the formation of



graphene layers, while other volatile species are desorbed. In case of CHa, for instance, the

occurred reaction is described in (1.4):

CH,(g) = C(s) + 2H,(g) (1.4)

Different metals have been used as a substrate for graphene growth, such as platinum, cobalt,
iron, iridium [21] but at present the most used are nickel (Ni) and copper (Cu). A general

scheme of the process which involves the decomposition of CHy is shown in Fig. 1.8.

a Dissolution Surface segregation
ACH, CH,
s -
i gl &
[l
b Surface adsorption o
Precipilation
3CH, 2CH, %
LT, 1 A S T Freosd
Eaemy: " .“i: %+ --::h 4 :l ':_-.l . :t 'I':.
L

Fig. 1.8: scheme of the CVD graphene growth process: a) carbon segregation/precipitation

mechanism and b) the surface growth mechanism [22].

A precise control of the process parameters is necessary to form graphene monolayer with
high quality. Cu seems to be the most appropriate metal substrate: it enhances the
decomposition of hydrocarbon molecules because its electronic configuration [23]; graphene
starts to nucleate in specific sites and when the surface is fully covered, the process is self-
limited [24]. An important step is the treatment of the substrate before the carbon deposition;
because Cu is covered with native oxide which can reduce the catalytic effect, it is usually
treated with acetic acid [25] or annealed in H» to remove the oxide. This process can be used
also to remove oxidative carbon which suppresses the graphene flake nucleation [26].

Ni surface are usually used to obtain few layer graphene formation. CH4-H> mixture at
T=1000 °C is used for the decomposition of CH4 that creates a concentration gradient

between surface and bulk and causes the diffusion of carbon atoms into the metal. After the
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saturation, graphite is formed on the surface and graphene is formed with cooling. The
CHa4/Hz ratio is an important parameter: a poor quantity of Ha results in oxidized metal layers
which lead to a disordered graphene formation; an excess of H», on the contrary, lead to
graphene etching.

CVD method is one of the most used for graphene production, because offers the possibility
to grow large-area graphene foils. For instance, the production of 35-inch of CVD grown

graphene has been achieved [27].

1.4.4 Epitaxial growth

It is possible to epitaxially grow graphene on SiC wafer at high temperature (~1500 °C) in
ultra-high vacuum (UHV) (5 X 10° mbar); in this conditions, silicon at the surface is
sublimated and carbon atoms reorganize themselves and grafitization is achieved [28]. A

schematic illustration of the process is shown in Fig. 1.9.

00000000

SiC

—C‘~C—O—C—C—O—C‘

SiC

Fig. 1.9: schematic illustration of the epitaxially growth of graphene on a SiC substrate

[29].

As first disadvantage, the size of the SiC wafer limits the size of the grown graphene.

Secondly, the quality of the obtained graphene is poor if compared with the one fabricated



with mechanical exfoliation or CVD process. However, epitaxial growth process is quite
handy, and is largely used in semiconductor industries for the fabrication of electronic

devices.

1.5 Applications

The remarkable properties of graphene quickly exploded in a large number of application in
almost every sector of research and industry: electronic, materials, optics, biomedical, just
to cite a few. A complete list would require a separate study and goes beyond the scope of
this thesis. However, because of the great impact they had in both research and market, the

most important applications will be overviewed in the next sections.

1.5.1 Graphene field-effect transistors

The International Technology Roadmap for Semiconductors (ITRS), which is sponsored by
the world’s top integrated circuit manufacturing companies, has forecasted the end of
CMOS-based technology in 2022 [30]. Nowadays, the progress in digital logic is going to
the down scaling CMOS devices, with the requirement of more and more low voltage, low
power and high performances. However, this demand is approaching fundamental limits due
to various factors, such as decreased power density, leakage currents and production costs.
For this reason, semiconductor industry is searching new classes of materials which can
substitute silicon and meet the new demand at the same time.

Graphene seems to be the perfect candidate to be integrated in electronic devices, due to its
very large field-effect mobility, ballistic transport properties and the zero band gap. The first
graphene-based FET (G-FET) was reported by Novoselov ef al. in 2004 [1]. Fig. 1.10 shows
optical and atomic force microscopy (AFM) images of the few layer graphene used for the
G-FET fabrication (Fig. 1.10 a,b and ¢). In Fig. 1.10e and 1.10d a scheme and a scanning

electron microscope (SEM) image of the final device are shown.
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Fig. 1.10: a) optical image of a multilayer graphene flake transferred on SiO, wafer; b)
AFM image of 2 um x 2 um area of the flake near its edge; c) AFM image of single-layer
graphene on SiO> surface; d) SEM image of the experimental device with few layer of

graphene; e) schematic of the final device [1].

Because of the zero bandgap, the Ion/Ior current of G-FETs is quite low (Ion/Iott < 30 at 300
K) [1] and limits the graphene use in digital switching devices. However, it is possible to
modify the graphene band structure opening a bandgap in different ways: by constraining
large-area graphene in one dimension to form graphene nanoribbons, by biasing bilayer
graphene or by applying a strain [31].

Starting from the first G-FET, many others have been fabricated and tested. The first
graphene top-gate MOSFET was reported in 2007 [32], and later top gated graphene
MOSFETs have been produced by mechanical exfoliation [33], carbon segregation [34] and
CVD graphene grown on metal [35].



Fabrication of a G-FET at IOM-CNR

(1) Fabrication of the substrate:

e fabrication of the circular cavity on Si/SiO, by optical lithography using optical resist

S1813 1.5 um-thick; this is used like mask for the following wet etching in Buffered Oxide
Etch of the SiO, (thickness 300 nm);

e production of electrodes: optical lithography on a layer of SU-8 1.6 um-thick spin coated
on the substrate, thermal evaporation of the metal (Cr:Au 20:20 nm), and subsequent lift-
off in order to obtain the electrodes.

(i1) Transfer of graphene on the fabricated substrate:
e graphene is obtained with mechanical exfoliation of HOPG. The exfoliated flakes are

transferred through slight pressure on a Si/SiO, substrate previously covered by a film of

water soluble polyvinyl alcohol (PVA) 50 nm-thick and a thin film of poly(methyl
methacrylate) (PMMA) 300 nm-thick. The recognition of graphene sheets is carried out
with optical microscopy inspection. The evaluation of graphene thickness is achieved by a
custom written Matlab program, which analyzes the absorbance of the optical image. After
graphene identification, the PVA-PMMA membrane is cut to form a closed loop that
contains the monolayer. The sample is placed in a container at an angle of about 45 degrees
from the table surface and water is slowly injected into the container via a syringe, so as
to allow water to penetrate under the PMMA, which is insoluble, and to dissolve the PVA.
The PMMA -graphene membrane floating on water is picked up through a silicon holder
with circular hole. The transfer of the PMMA-graphene membrane on the prepatterned
Si/Si0, substrate is achieved using a micropositioning system; after the drying of the
membrane, PMMA is stripped in MF 322 developer;

e to avoid the graphene detachment from the substrate, a layer of SU-8 photoresist 500 nm-
thick is spin coated on the graphene and patterned with optical lithography.

Fig. 1.11: SEM image of the obtained G-FET. The inset shows a zoom on the

suspended graphene flake on the hole [Hussein ef al., unpublished].
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1.5.2 Graphene FET for biosensing

Graphene field effect transistors (G-FETs) have received a lot of attention due to their high
sensitivity and low noise. The 2D structure of graphene constitutes an absolute maximum of
the surface to volume ratio, so there is no distinction between the surface sites and the bulk
material; every tiny amounts of deposited atoms determine a fraction of the total coverage
and so every absorption event is significant. In a typical G-FET, graphene is used as
conductive channel between drain and source electrodes. The gate potential is applied on a
back-gate or a top-gate. The adsorbed molecule changes the carrier concentration of
graphene and this leads to a changing in the electrical graphene conductivity. A suitable
chemical functionalization of graphene allows the use of G-FETs in biosensing field, with
the absorption of a large variety of molecules. Graphene biosensors are able to measure
change of coverage of the order of 10 fg [36] approaching to the detection of a single
molecule. Biomolecules such as proteins, cells or DNA have been detected. For instance, G-
FET was successfully used for detection of protein in bovine serum albumin buffer in the
nanomolar scale [37] or for detection of signal from living cells [38], or even epitaxially
grown graphene was used as channel to detect DNA with single-base-mismatch sensitivity
[39]. Fig. 1.12 shows the first selective bio-molecule G-FET in which a flake of graphene is
functionalized with an aptamer-antibody reaction in order to have a selective sensing of

protein [40]:

Protein

Source Electrode

Graphene
- . o
(a) i|
4 S ———————
Drain Electrode 5 pum —/ .'
Current Bias

Fig. 1.12: optical microscope image of the device with source and drain electrodes and

graphene channel (left) and a schematic image the G-FET (right) [40].



1.5.3 Graphene for transparent membranes

Membranes are used in different fields, from chemistry to biology, from -cellular
compartmentalization to mechanical pressure sensing. Generally, a membrane is used to
separate two different environments, but maintaining the possibility to transfer information
from one environment to the other, which can be of a physical, chemical or a mechanical
nature. Graphene is the ultimate limit for the concept itself of a solid membrane: only one
atom-thick, but electrically conductive, impermeable to ions and molecules and stronger than
steel. A schematic of a graphene micro-chamber in shown in Fig. 1.13a and b, obtained

transferring mechanical exfoliated graphene on a SiO; substrate [41].

Fig. 1.13: (a) Schematic of a graphene sealed microchamber. In the red insert, an optical
image of a single atomic layer graphene drumhead on 440 nm of SiOz is shown. The sizes
of the microchamber are 4.75 mm 4.75 mm 380 nm. (b) Side view schematic of the

graphene sealed microchamber [41].

Graphene membrane can be used as sensor in probing pressure changes associated to
chemical reaction or photon detection [42], can allow spectroscopic studies probing the
permeability of gases through atomic vacancies in single layers of atoms and defects [43]
and can act as selective barriers for ultrafiltration [44].

The molecular impermeability of graphene, joined with its ultrahigh electron transmittivity

in a wide electron range [45] and high electrical conductivity, make graphene an ideal
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material for in situ environmental electron microscopy. Graphene and graphene oxide (GO)
can be well implemented in the realization of environmental-cells (E-cells) for SEM,
transmission electron microscopy (TEM) and x-ray electron spectroscopy. The Chapters 3
and 4 will present three experimental applications developed in our laboratory which use
graphene as transparent membranes for x-ray electron spectroscopy and this topic will be

treated in details.

1.5.4 Graphene for transparent and flexible electronics

Until now, the most used material for the realization of flexible electronics was indium tin
oxide (ITO), a n-doped semiconductor composed of ~90% In,03, and ~10% SnO; [46]. ITO
is commercially available with transmittance (T) of ~80% and sheet resistance (Rs) of ~ 60-
-300 /0 on polyethylene terephthalate (PET) [47]. Despite its flexibility and transparency,
the amount in nature of indium and tin is poor and consequently the cost is growing [48].
Graphene could be a perfect substitute of ITO, for three main reasons: there is carbon
abundance, the monoatomic structure and the mechanical properties allow dramatic
mechanical deformation [49], and it can be folded without breaking.

The use of graphene in transparent electrodes has been demonstrated in different flexible
optoelectronic devices, such as touch-screen sensors [27], organic light-emitting diodes [50],
and organic photovoltaic devices [51]. In 2010, SKKU and Samsung collaborated to produce
the first roll-to-roll 30-inch graphene transparent conductors [27], with low Rs and T= 90%.
Fig. 1.14 shows a graphene-based touch panel (Fig. 1.14a) and a touch screen panel
connected with a computer (Fig. 1.14b).

a)




Fig. 1.14: a) an assembled graphene/PET touch panel showing outstanding flexibility; b)

graphene-based touch-screen panel connected to a computer with control software [27].

1.5.5 Photovoltaic devices

The majority of solar cells available in the market are composed of silicon-based materials
[52]. However, the research is heading to address materials with high flexibility and low
manufacturing cost, to produce organic photovoltaic cells (OPVs) [53] and dye sensitized
solar cells (DSSCs) [54], that are substituting the silicon-based ones. In the last decade, the
power conversion efficiency of OPVs and DSSCs has reach the 9% [55] and 15% [56],
respectively. The most common material used in this kind of cells is the ITO for its flexibility
and transparency. In spite of the ITO advantages described in the previous section, for the
application in solar cells it presents a series of disadvantages; for instance, its poor
transparency in the near infrared region, which restricts its use in a wider range of solar
energy. As for flexible screens, new materials are entering in this field for ITO replacement
and graphene is the one most promising. The optical transmittance of a monolayer or a few-
layer graphene grown by CVD is superior to that of ITO and the sheet resistance of graphene
films is comparable to that of ITO because of graphene’s high carrier mobility (> 103 cm?
V-1 s71) and high carrier density (>1012 cm ™ for doped samples). Graphene films of 4, 12
and 22 nm exhibit transparencies of 90, 80 and 66%, respectively at a wavelength of 500 nm
[48], so it can be well used in organic solar cell as electrodes [57], electron
transporters/acceptors [58] and hole transporters [59]. Fig. 1.15 show an example of reduced

GO thin film used as transparent electrode in an inorganic-organic solar cell.

Au
PEDOT:PSS

P3HT
Zn0 nanorods

Reduced GO

Fig. 1.15 Schematic illustration of a reduced GO thin film used as the transparent electrode
in a layered structure of quartz/rGO/ZnO NRs/P3HT/PEDOT:PSS/Au hybrid solar cell
[57].
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The best performances were achieved to date has efficiency = 1.2% using CVD graphene as
the transparent conductor with Rs = 230 /0 and T = 72% [60]. Further optimization is
possible, considering that graphene-hybrid structure has shown even better results (Rs = 20

Q/o, T = 90%) [61].

1.5.6 Bioapplications

Graphene properties make it suitable also for biological applications, because of its large
surface area, unique mechanical properties, non-toxicity, and the wide range of chemical
modifications than can be adopted in biofunctionalization processes, which are essential for
biological recognition. Applications range from regenerative medicine [62], incorporation
in scaffold materials to improve strength, elasticity and selectivity [63], carriers for drug
delivery [64] or gene therapy [65], antibacterial agents [62] up to bioimaging probes.

As mentioned before, graphene can be covalent modified to impart specific biological
activity. For instance, a covalent modifications consisting in an oxidation process known as
“Hummers method” can be used to fabricate GO starting from graphite [66]. While pristine
graphene is hydrophobic (water contact angle of 90°), GO surface is partially hydrophilic,
(water contact angle of 40 - 50° [67]) and presents carboxylate groups with negative charges
on edge sites [68]; for this reason, graphene can promote biochemical reaction primarily at
the edge or defect sites, while GO promotes the reaction on all the carboxylated groups.
Another interesting approach is the application of graphene in molecular probes that use
fluorescence or fluorescence quenching [69]. For instance, polyethylene glycole and GO
have been used as a platform for covalent attachment of fluorophores for in vivo and in vitro
cellular imaging [70]. The mechanical properties of graphene such as high elasticity,
flexibility, and adaptability to flat or irregular surfaces allow graphene use also for the
structural reinforcement of biocompatible films, hydrogels, and other scaffold materials used
for tissue engineering. For instance, hydrogel composites have been used as scaffolds or cell-
encapsulating fillers to generate or repair tissues such as skin, bladder, cartilage, and bone
[71], due to their resemblance to soft tissue. Moreover, the use of a graphene-based
nanomaterial for the design of hybrid nanofibrous scaffolds was used to guide neural stem
cell (NSCs) differentiation into oligodendrocytes [72]: polymeric nanofibers composed of

polycaprolactone (PCL) generated using electrospinning were coated with GO and seeded



with neural stem cells (NSCs). These cells show enhanced differentiation into
oligodendrocyte lineage cells. In Fig. 1.16 a scheme of the process (left) and the results

(right) are presented.
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Fig. 1.16: Left. Scheme of the fabrication and application of graphene-nanofiber hybrid
scaffolds. Right. SEM images of: a) PCL nanofibers, (b) and PCL nanofibers coated with
GO. Scale bars: 2 pm. ¢,d) SEM of nanofiber scaffolds (c) differentiated NSCs cultured on
PCL/graphene nanofiber hybrid scaffolds (d) after six days of culture. Scale bars: 10 um
[72].

In the last decade, graphene has been explored as substrate for neuronal interfacing [73].
Mouse hippocampal cells were cultured on a graphene substrate to analyze neural functions.
The results revealed high biocompatibility, low toxicity and an increase of neuronal number
respect to controls. In the experimental Chapter 5 the neuronal functions of primary cultures

of hippocampal mouse on supported and suspended graphene will be presented.

1.5.7 Patterning of graphene

For a precise control of size and electronic properties, graphene can be patterned to obtain
the desired configuration. Different methods can be used to generate the pattern, such as
optical lithography [74], e-beam lithography [75], or solid-phase laser direct writing [76],
just to cite a few. Optical lithography is one of the most used because of its accessibility: a
conventional negative photoresist is spin coated on graphene and irradiated with UV light;

after exposure, the photoresist acts as protective pattern to the subsequently exposition to
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oxygen plasma [77]. The unprotected portion of graphene is chemically removed upon the
attack by the reactive plasma and carried into the vapour phase.

I used the latter protocol to realize different graphene geometries; Fig. 1.17 shows some
examples of suspended graphene patterned with lines of different length. In synthesis, I
fabricated a grating of micrometric lines in a bulk silicon substrate with optical lithography
and dry etching techniques. Commercially CVD on Cu graphene purchased from Graphenea
S.A. [78] is covered with a thin layer of optical resist and exposed to UV light through a
photomask. The final pattern is obtained exposing the graphene to an oxygen plasma to
remove the unprotected parts. Cu is etched in a diluted FeCl; metal etching solution before
the graphene wet transfer. Critical point drying (CPD) is performed to avoid the collapse of
the suspended structures. Details about the fabrication process will be provided in the

experimental Chapter 2.



Fig. 1.17: SEM images of different configurations of suspended graphene pattern obtained

in our laboratory: a) grating of lines in bulk silicon with length and periodicity of 10 pm
and 20 pm respectively. Graphene is patterned in lines with length and periodicity of 10
um and 20 um , respectively; b) same geometrical factors of a) obtained on a silicon
substrate covered with 50 nm of gold deposited with thermal evaporation; c) graphene
lines of 10 um and 25 pm of length and period, respectively, obtained on a bulk silicon
covered with 50 nm of gold; d) same configuration of c¢) but on silicon substrate; )
graphene lines of 10 pm and 50 um of length and period, respectively obtained in bulk
silicon; f) same configuration of e) in which are zoomed some graphene structures

collapsed [Matruglio et al., unpublished].
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Another approach to obtain the desired shape and form of the graphene is pre-pattern the
substrate and then grown graphene on the top. For instance, graphene film on pre-patterned
Ni substrate was demonstrated [79]; after the growth, graphene can be transferred to another
substrate with conventional transfer methods. Smaller size graphene pattern can be obtained
with direct writing using focused ion beam lithography (FIB) [80] or e-beam lithography
(EBL) [81] which can provide nanometric size of the patterned structures. Also scanning
tunneling lithography has been used to cut graphene nanoribbons from 2.5 nm to 120 nm
[82]. Moreover, graphene nanoribbons have been fabricated by local anodic oxidation

lithography using tapping mode AFM [83].

1.6 Graphene transfer

Although researches are looking for the improvement of all parameters in graphene synthesis
to obtain a uniform, high quality, low defected graphene, it is important to observe that there
is a critical step in which graphene is degraded and defected: the transfer. In fact, in order to
integrate graphene to functional devices, usually it should be transferred from the growth
substrate to the device one. In 90’s Ruoff and coworkers transferred islands of graphite on
Si(001) flat substrates by rubbing the HOPG surface against the silicon surface [84].
Anyway, it 1s only in 2004 that Geim and Novoselov isolated a single layer graphene from
graphite and transferred it by scotch tape technique on an oxidized silicon wafer [1]. Several

methods have been developed so far; in the next sections the main techniques are listed.

1.6.1 Transfer by mechanical exfoliation

As shown in the section 1.4.1, mechanical exfoliation from graphite is one of the most used
method to obtain high-quality graphene flakes. Graphite is peeled using tape and graphite
flakes are transferred on a substrate, pressing and peeling the tape. The products are flakes
of different thickness. The identification of the single layer can be obtained by different
techniques, such as Raman spectroscopy, AFM or optical microscopy. Raman spectra
exhibit typical features based on the number of present layer [85]; AFM is able to identify

the thickness of the deposited layer and so to measure the number of the layers of each flake.



[86]; optical microscopy takes advantage from the modulation of reflection at the air-
graphene-substrate interface, so a thickness evaluation is detectable by visual inspection

[87]. Examples of the application of these three approaches are shown in Fig. 1.18.

Flake contrast profile - channel 1

LA

Raman shill, am’

Fig. 1.18: a) optical image a graphene flake on SiO> which I obtained by
mechanical exfoliation of HPOG [Matruglio et al., unpublished]; b) recognition of
the same flake with a custom written Matlab program which allows the recognition

of the thickness through the analysis of the absorbance of the optical image; c)
AFM image of graphene oxide sheets on cleaved mica; the height difference
between two arrows is 1 nm, indicating a single graphene oxide sheet [88]; d)
Raman spectra of mechanical exfoliated graphene transferred on SiO; obtained with
532 nm excitation laser: single layer (black spectrum), double layer (red spectrum)

and three layer (blue spectrum) [Naumenko ef al., unpublished].

Mechanical exfoliation can be used also for transfer graphene grown on SiC. For instance, a
bilayer of gold and polyimide [89] or platinum and polymide [90] can be gently lifted from
the SiC and delivered to the desired substrate, but a high number of defects are introduced.
Another approach involves the use of thermal release tape to peel of graphene from SiC [91]

but electrical properties highly decrease because of defects and contaminants due to the tape.
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Although mechanical exfoliation is a low-cost and handle technique, it presents a series of
disadvantages: the quantity of contaminant due to tape glue is not negligible (as also evident
in Fig. 1.17a, green residuals). Furthermore, the size of the graphene sheet is random and
usually reach tens of micron at best; moreover, the shape is irregular and the orientation of
the lattice is not controllable. For these reasons, the method is not suitable when large area

and regular sheets are required and have limited relevance in industrial applications.

1.6.2 Wet transfer techniques

In the CVD synthesis, the metal substrate is used for catalytic purposes and usually is
eliminated in order to transfer graphene on the desired device. Since a single layer of
graphene is extremely fragile and is prone to fold on itself, break and tear, a polymeric
supporting layer is usually deposited before etching the metallic substrate. The polymer is
deposited by spin-coating on the top of graphene and the polymer/graphene/metal layer is
immersed in an etching solution in order to etch metal from the bottom. Ni and Cu substrate
can be etched in different solutions, such as FeCls, Fe(NO3)3, (NH4)2S20s. After the rinsing
in deionized (DI) water, the polymer/graphene layer is transferred on the desired substrate.
Finally, the polymer is removed with a specific solvent, graphene is washed in DI water and
then dried. Several polymers can be used for wet transfer, such as poly(bisphenol A
carbonate) (PC) [92] removed in chloroform, or polyisobutylene (PIB) [93], which could be
removed in decane, hexane or squalene. Because of its low viscosity and flexibility, the most
common used polymer is poly(methyl)metacrylate (PMMA), usually removed in acetone. A

general transfer method with involves the use of PMMA in shown in Fig. 1.19.

PMMA coatin transfer cleaning

. - PMMA

graphene/Cu raphene/Cu

Fig. 1.19: general procedure involving the use of PMMA in graphene transfer [94].



Removal of residuals is a demanding step; impurities tend to p-dope graphene and to cause
carrier scattering, leading to the degradation of electrical and physical properties. Residuals
are hard to remove with solvents, or with very harsh protocols such as annealing at high
temperature. The problem will be well analyzed in Chapter 2 and an experimental, novel
technique for residual reduction will be presented.

Despite residuals problem, PMMA is used as supporting layer also in case of electrochemical
delamination of graphene grown by CVD [95]. In detail, the PMMA/graphene/metal is used
as cathode and a glassy carbon as anode in an aqueous solution; a voltage is applied and
there is a formation of hydrogen bubbles that emerge at the graphene-metal interfaces and
delaminated the graphene from the metal substrate starting from the edges. After the
delamination, PMMA is dissolved with acetone as in a typical wet transfer protocol. An
image of the electrochemical cell used for graphene delamination which I performed in our

laboratory is shown in Fig. 1.20.

Fig. 1.20: pictures of the electrochemical cell used for PMMA-covered graphene
detachment from a Cu substrate. The inset shows a zoom on the sample, in which bubbles

formation is evident.

As alternative to PMMA, an interesting approach was demonstrated with the use of
polydimethylsiloxane (PDMS), for CVD graphene transfer [96]. PDMS is unreactive,
solvent resistant and has low surface energy; it can be stamped onto a substrate with the
desired shape, deposited on the graphene for supporting during the metal etching and

transferred on the desired substrate. After transfer, PDMS is peeled away leaving graphene
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on the new substrate. An example of the use of a PDMS stamp for graphene transfer is shown

in Fig. 1.21.

a Patterned Ni layer (300 nm)

=

CH,/H,/Ar
=

-1,000 °C

SiO, (300 nm)

b PDMS/graphene/Ni/SIO,/Si PDMS/graphene Graphene on a substrate
FeCly(aq) |

or acids

Downside contact
(scooping up)

c Graphene/Ni/Si0,/Si

Floating graphene

Fig. 1.21: synthesis, etching and transfer processes for the largescale and patterned
graphene films. a) synthesis of patterned graphene films on thin nickel layers; b) etching
using FeCls (or acids) and transfer of graphene films using a PDMS stamp; c) etching
using buffered oxide etch (BOE) or hydrogen fluoride (HF) solution and transfer of
graphene films; RT is room temperature (~25 °C) [96].

Despite the large use of polymer as supporting layer in graphene transfer, some works show
the possibility to make it without the use of any polymer [97] using, for instance, a graphite

holder (as show in Fig. 1.22) and a mixed solution to reduce the surface tensions.



Graphite holder

Graphene

Mo0,

Fig. 1.22: schematic illustration of the polymer-free graphene transfer process [97].

Avoiding the use of polymer, residuals are eliminated, but this method is dangerous because

single layer graphene is prone to brake, and the percentage of failure can be high.

1.6.3 Dry transfer techniques

The dry transfer techniques do not use wet solution for graphene transfer. The most famous
method to transfer very large-area CVD graphene is the roll-to-roll technique [27]: it consists
in the use of a thin polymer film coated with a thermal release tape attached onto the
graphene on metal, obtained passing through two rollers; metal is etched with
electrochemical reaction in an aqueous solution of (NH4)>S>0s. Finally, graphene is attached
on the desired substrate with the help of the two rolls and the tape is removed by heating.

The possibility to transfer 30-inch graphene layer with this technique was demonstrated,
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opening the availability for industrial applications. A scheme of the roll-to-roll method and

the realization of the 30-inch graphene layer are shown in Fig. 1.23.

a) Graphene on
polymer support Released
polymer support

Polymer support

Target substrate

Graphene on Cu foil Graphene on target

Fig. 1.23: a) schematic of the roll-to-roll based production of graphene films grown on a
Cu foil. The process includes adhesion of polymer supports, Cu etching, rinsing and dry
transfer-printing on a target substrate. A wet-chemical doping can be carried out using a
set-up similar to that used for etching; b) c) d) photographs of the roll-based production of
graphene films: a) Cu foil wrapping around a 7.5 inch quartz tube to be inserted into an 8
inch quartz reactor. The lower image shows the stage in which the Cu foil reacts with CH4
and H» gases at high temperatures; b) roll-to-roll transfer of graphene films from a thermal
release tape to a PET film at 120 °C; c) a transparent ultralarge-area graphene film

transferred on a 35-inch PET sheet [27].

The disadvantages on this technique are thermal stress and mechanical defects which can be
induced during the procedure, in particular if graphene is transferred on a rigid substrate.
Nevertheless, it is promising for industrial applications because of the large graphene area
which can be produced.

Another interesting dry etching approaches has been demonstrated with the use of a
nanoimprinter assisted by a polymer (i.e. polystyrene) for CVD graphene, to separate
graphene from metal [98]. Another similar method was developed with the use of a layer of

epoxy to peel off the graphene from the metal [99]. The advantages of these kind of



techniques are the industrial scalability and the possibility to reuse the underlying metal

which is not etched.
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Chapter 2

2.1 Residuals in graphene wet-transferred with polymers

Polymer supported transfer methods are largely used for graphene transfer, especially for
CVD graphene. The metal substrate, which is used as catalyst during the synthesis, typically
is not desired for the final application and has to be removed. During this step, graphene has
to be supported to avoid breakage. As seen in the previous Chapter, there are several
polymers used for this purpose, but PMMA is the most diffused because of the easy handling
and processing. Unfortunately, due to the high molecular weight and high viscosity, PMMA
residuals remain on graphene after its removal. This represents an unsolved problem [1],
because residuals bind covalently on graphene defects and remain after removal in solvents
or after thermal processes [2]. Graphene defects sites facilitate the adsorption of carboxyl
functional groups and oxidation, as observed also for others carbon-based materials, such as
carbon nanotubes (CNTs) [3]. These contaminants affect the electrical properties of
transferred graphene, with p-doping effect [4] and impurity scattering [5], which reduces
mobility.

Thermal processes such as annealing are largely used for removing of PMMA residuals [6],
but a complete removal of covalently bound polymeric residues remains limited. Other
techniques, such as chemical cleaning have been proposed: chloroform can be used as
solvent to replace acetone for PMMA removal [7], but causes spontaneous intercalation of
chloroform beneath the graphene basal plane and leads to strong graphene hole doping.
Moreover, mechanical cleaning by AFM tip has been introduced [8], but is extremely time
consuming because it is based on the scratch of several hundred nm of polymer only moving
the AFM tip. Furthermore, low-density, inductively coupled plasma (ICP) could also be used
to remove polymeric residues [9], but there is the risk to create large defects or holes during
plasma processing.

It should also consider that graphene before transfer is not perfectly flat, rather it replicates
the morphology of the growth substrate. Therefore, the transfer on a much flatter substrate,
like a silicon wafer, results in a partial adhesion and the unattached regions are keener to

break when the polymer is dissolved. In order to prevent cracks, the use of a second layer of
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PMMA has been proposed [10] but the thermal treatment of PMMA leads to the creation of
defects and in addition the residues are not completely eliminated [11].

I tested graphene wet transfer with PMMA in different configurations: supported graphene
transferred on several substrates (silicon, silicon dioxide, titania), and suspended graphene
(continuous or patterned). CVD graphene on Cu foil is purchased by Graphenea S.A. [12].
After the transfer, all the fabricated samples are annealed in UHV at 250 °C for 1 hour to
remove as much as possible PMMA residuals. In Fig. 2.1 the different tested configurations

are shown.
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Fig. 2.1: SEM images of different configurations of graphene transferred with PMMA: a)

suspended graphene on cavities obtained in a Si3Ns membrane 200 nm-thick. Darker holes
are not covered by graphene because it breaks during transfer or PMMA removal; b) detail
of one of the cavities shown in a) in which PMMA residuals are clearly visible; c)
suspended graphene patterned with plasma oxygen in lines with length and periodicity of
10 um and 20 pm, respectively, and transferred on an array of lines fabricated in a bulk
silicon substrate; d) one of the graphene lines shown in ¢). All the images are obtained
detecting secondary electrons with primary electron energy set at 3 kV, except for d) which

is obtained at 10 kV. [Matruglio et al., unpublished].



The contaminations decrease the electron transparency of graphene layers. In fact, Fig. 2.1a
and b shows clear polymer residuals that persist after PMMA removal and temperature
treatment. In Fig. 2.1c the transparent regions suggest a good removal of the polymer, but
the major part of the surface is not transparent, suggesting polymer contamination. As shown
in Fig. 2.1d, these contaminants seem to attach the back side of the graphene stripe and this
is probably originated during the polymer removal. The solvent removes the polymer from
graphene and due to the geometry of the substrate, which is patterned with open lines, the
solvent can diffuse in the cavities and some residuals can reattach on the back side of the

suspended graphene.

2.2 A novel wet transfer method using titanium for polymer-free transfer

Several metals have been investigated as alternative materials to polymers for graphene
transfer support. In particular, palladium [13] and gold [14] have been used to transfer
epitaxially grown graphene from SiC, but the number of introduced defect is very high and
the electrical properties poor. Gold has been also used for the transfer of CVD graphene for
the fabrication of G-FETs [15] but doping effect has been observed. Recently, an interesting
approach to improve the cleaning of the surface has been provided by the use of a sacrificial
titanium (T1) layer deposited between graphene and PMMA [16]; the thin layer is deposited
via e-beam evaporation and then removed in a hydrofluorhydric acid (HF) solution. The Ti
coating avoids the direct contact of PMMA with the graphene. Graphene characterization
(Raman spectroscopy and x-ray photoelectron spectroscopy) shows a clean and not damaged
graphene after transfer and after PMMA and Ti removal. However, the Ti layer can be
applied only to the exposed graphene side, while the side in contact with the growth substrate
remains unprotected: this results in big limitations when suspended graphene structures are
required, because the back side should be contaminated during the solvent assisted PMMA
removal.

To solve the problem, I developed a clean, polymer-free transfer method for commercial
CVD graphene suitable for both supported and suspended graphene structures. The method
involves the deposition of a 15 nm-thick layer of Ti then dissolved in a HF solution, avoiding
the use of any polymer, preventing contamination on the back graphene side due to its

dissolution in case of suspended structures. In the next sections details about the novel
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method will be provided, with particular attention on the microfabrication processes and on

the characterization of the produced samples.

2.2.1 Fabrication of the samples

In order to obtain suspended graphene structures, I produced several microstructured silicon

substrates in which micrometric gratings are fabricated.

In details, a clean bulk silicon substrate
has been patterned by classical optical
lithography technique.

MICROPOSIT® S1803 photoresist is
patterned with lines of width and
periodicity of 10 pum and 20 pm,
respectively. The grooves are deep
etched in order to ensure full access to
the etching solutions. Inductively
coupled plasma-reactive ion etching
(ICP-RIE) is used to transfer the
ICP
BOSCH® like process (gases: SFs,

C4Fs, Ar) is set to obtain a depth of 10

pattern in the bulk silicon;

pum, followed by O: plasma so as to
remove the resist mask. Piranha
solution for 15 minutes (H2SO4:H,02
7:3 ratio in volume) allows removing
residuals from the

any carbon

substrate.

Optical lithography
A light-sensitive material
(photoresist or  resist) s

dispensed onto the substrate
which is spun rapidly to produce
a uniformly thick layer. The
obtained layer is exposed to light
through a mask containing the
desired pattern. The exposure
causes a chemical change in the
resist and exposed regions
(positive resist) or in unexposed
regions (negative resist) which
can be removed in a developer.
The substrate is etched with a
liquid (wet etching) or a plasma
(dry etching). The remaining
resist is removed using a resist
stripper, which chemically alters

the resist so that it no longer

Spin coat resist

Exposure

L0 20 20 2 A /
- ..

Develop
[ N

Etch
[ N N |

Resist strip

Commercial CVD grown graphene on adheres to the substrate.

Cu foils is used for all the prepared

samples [12]. SEM images of the as-grown graphene are shown in Fig. 2.2.



Fig. 2.2: SEM images of graphene as-received. The two zooms show magnified views in

which Cu steps are visible.

Fig. 2.2 show a Cu foil not perfectly flat and steps are clearly visible. Graphene follows the
copper surface morphology when growing on Cu. From the product datasheet, the grain size is

up to 10 pum [17].

BOSCH® process

Etch process cycles between etch and deposition
steps, to achieve vertical etch profiles. Sulphur

hexafluoride (SF,) is used to provide fluorine for

silicon etching. This molecule will readily break up
in high-density plasma to release free radical
fluorine. The sidewall passivation and mask
protection is provided by octofluorocyclobutane (c-

C,F,) that breaks open to produce CF, and longer

chain radicals in the high-density plasma. These
readily deposit as fluorocarbon polymer on the
samples being etched.

7

Etch

r:l
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In order to verify the method, I
compared two transfer protocols:
a conventional one involving the
use of a thermoplastic polymer
(mr-I 7020) and a second one
using Ti. The selection of mr-I
7020 instead of the commonly
used PMMA is motivated by its
higher solubility in acetone that
allows, in my experience, the
production of cleaner graphene
surfaces. In effect, Fig. 2.3a
shows a SEM image of graphene

layer transferred with a 250 nm-



thick sacrificial layer of PMMA (Ar- P669.04, ALLRESIST GmbH) on a SiO2/Si substrate.
Graphene is patterned by classical UV lithography and dry etching techniques via oxygen
plasma in line of width and periodicity of 10 pm and 20 pum, respectively.
The SEM characterization is performed after

the removal of PMMA in cold acetone for 5 Oxygen plasma etching

minutes and after annealing at 250 °C for 1 Used to remove layers of materials to

hour. In comparison, Fig.2.3b shows a create patterns on the surface. A resist is

continuous graphene layer transferred with a used as etching mask for the plasma. High

. o di lied i

250 nm-thick sacrificial layer of mr-1 7020 poweT Taclo waves are appiied I a vacutim

) ) . chamber and oxygen is channeled into it.

on Si0,/Si substrate patterned with the same

The low pressure of the vacuum chamber

grating of the previous sample. After the .
causes the oxygen molecules to ionize,

transfer, mr-I 7020 is removed in cold forming plasma. The plasma etches the

acetone for 5 minutes and annealed at 250 °C graphene and does not etch the surface

for 1 hour as before. below the mask.

Fig. 2.3: SEM images of graphene transferred on SiO»/Si substrate with: a) PMMA; b) mr-
17020. Both the images are obtained with a secondary electron detector at 5 kV of energy.

As shown in Fig. 2.3a, PMMA is only partially removed and some redeposits can be seen.
The transparent regions are the only portions in which PMMA is totally removed and
graphene results nearly transparent to the electrons; on the contrary, white parts are heavily
contaminated by PMMA residuals. I observed that even by increasing of the stripping time,
PMMA residues are present. On the other hand, Fig. 2.3b shows a graphene layer
homogeneous and transparent with no evident signs of contamination, leading to state that

the mr-1 7020 is the best polymer for my purposes.



To develop the two protocols, I started from the same graphene/Cu foil in order to use
graphene in the same initial condition. For the first sample, labeled PG (Polymer-Graphene),
a layer of 250 nm of mr-I 7020 (Micro Resist technology GmbH) is spin coated on graphene.
The Cu foil is subsequently etched overnight in a Cu etching solution (FeCl3:H>O 3:7 ratio
in volume). After the etching process, graphene is rinsed in DI water several times; the
graphene transfer is performed by fishing graphene into the water directly on the patterned
substrate. Water is left to evaporate at room temperature for 2 h and mr-I 7020 is dissolved
in cold acetone for 5 min. Critical point drying (CPD) is performed in order to avoid the
collapse of suspended graphene structures. Fig. 2.4 shows three pictures taken during the

etching process of Cu.
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Fig. 2.4: Cu etching process: a) the mr-1 7020/graphene/Cu membrane floating on Cu
etching solution; the inset shows a magnification in which the piece is clearly visible; b)
after etching of the metal, polymer/graphene membrane is transparent to human eye; c)

polymer/graphene floating on DI water for washing.



For the second sample, labeled MG
(Metal-Graphene), 1

used a novel
approach involving the deposition via
electron-beam evaporation of a 15 nm-
thick Ti layer on graphene with rate of 2
nm/s: the thickness was selected to be
sufficient for supporting the graphene
monolayer and preventing breakage. A
scheme of the process is shown in Fig.
2.5. The transfer is leaded following the
same protocol of the previous sample. Ti
layer is removed in 1:10 HF:DI water
solution for 2 min. CPD is performed also

in this case in order to avoid the collapse

of the suspended graphene structures.

Critical point drying

Compounds at the critical point can be
converted into the liquid or gaseous phase
without crossing the liquid/gas interfaces,
avoiding the damaging effects of surface
tension forces. Dehydration of samples
using the critical point of water is not
feasible since it lies at 373 °C and 228 bar.
Water can be replaced with liquid CO,,

whose critical point lies at 31°C and 74.
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Fig. 2.5: Scheme of Ti-supported graphene transfer. a) CVD graphene on Cu foil; b) e-

beam evaporation of 15 nm of Ti layer; ¢) wet etching of Cu; d) Gr/T1 transfer on Si

substrate; e) graphene on Si substrate after Ti etching.
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2.2.2 Characterization of the samples

To have a first indication of the graphene cleanness after transfer, SEM characterization of

both samples has been performed and images are shown in Fig. 2.6.

Fig. 2.6: SEM images of suspended graphene of: (a) PG method using mr-1 7020 obtained
with a secondary electrons detector; (b) MG method using a layer of Ti obtained with an
in-lens detector: visible defects are propagated at grain boundaries. Both the images are

obtained with primary electron energy set at 5 kV.

For the PG sample (Fig. 2.6a) graphene is patterned in stripes 10 pm-long with plasma
oxygen. The stripes are not transparent and this suggests strong contaminations due to
acetone and polymer visible on the back surface of suspended part. On the other hand, the
MG sample (Fig. 2.6b) shows a clean and transparent graphene and results in a continuous
film on the scale of 10 pm, which is the size of the crystalline grain obtained by CVD [17].
Above this size the formation of defects and cracks are observed due to the breaking at the
grain boundaries, as already reported in literature [18, 19].

To have a more precise indication about contaminations, we performed Raman
spectroscopy on both PG and MG samples. The Raman measurements were performed in
the reflection geometry on an inverted optical microscope (Axiovert 200, Zeiss) coupled
with a 750 mm long spectrometer (Shamrock SR-750, Andor Technology plc). CW laser
with the excitation wavelength of 532 nm (Cobolt Samba, 50 mW) was used. The light was
focused on the sample by a 100x air objective (NA 0.8, EC Epiplan, Zeiss), resulting in a
~0.4 pm diameter laser spot. The laser power on the sample was controlled by variable

neutral density filter and kept at 1 mW. Laser scanning confocal microscopy was performed



before the Raman measurements. The representative Rayleigh images of PG and MG

samples are shown in Fig. 2.7a and b, respectively. Fig. 2.7¢c shows the Raman spectra of

single-layer graphene CVD grown on Cu foil measured for different steps of transferring

process: 1) as received; ii) covered by Ti layer; iii) transferred using the Ti sacrificial layer;

iv) transferred using mr-I 7020 sacrificial layer.
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Fig. 2.7: Rayleigh images of (a) PG sample and (b) MG sample; demonstrating more

uniform graphene layer in case of (b); (¢) Raman spectra of as-grown graphene acquired

directly on Cu foil (black), covered by 15 nm thick Ti layer (green), and transferred on

Si04/Si substrate using Ti (red) or mr-I 7020 (blue). The vertical black dotted lines are

displayed for visual guidance and represent the positions of the G- and 2D-peaks of

graphene.
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The reflectivity images give an indication about the uniformity of the surface: in case of
MG sample, graphene appears more uniform and less contaminated respect to PG sample.
About Raman spectra, the positions of the G and 2D peaks of graphene on Cu foil are
centered at 1580 cm™ and at 2665 cm™!, and the 2D/G ratio is about 2. This is a good
indication of high-quality monolayer graphene, as compared with the values reported in
literature [20, 21]. The D peak gives indication of defects which can be due to breaks, grain
boundaries, and lattice defects [22]; in this case, no distinguishable D peak is observed for
graphene on Cu foil testifying its high quality; on the contrary an intense D peak is observed
when 15 nm-thick Ti layer is deposited on graphene indicating the formation of defects after
Ti deposition. The few quantitative differences observed (different G/2D ratio or the
position of the 2D peak) can be justified observing that different substrates (metal vs
dielectric ones) interact in a different way with graphene so provide different Raman’s
responses. Interestingly, after the removal of the Ti layer, graphene appears to recover the
properties of the as grown one, as the position of the 2D peak remains the same; moreover,
the D peak is again negligible testifying that all the defects induced by the Ti deposition are
not permanent. In PG sample, D peak is more intense, 2D/G ratio is lower, and the position
of the 2D peak is upshifted in comparison with MG sample. All these facts indicate that
polymer traces are present on the surface of graphene after the removal while Ti-supported
transfer is a cleaner approach.

To have a chemical composition of the graphene surface, we performed x-ray photoelectron
spectroscopy (XPS) and X-ray absorption spectroscopy (XAS) at the CNR BACH beamline
at Elettra synchrotron radiation facility in Trieste (Italy). The samples were annealed in
UHYV conditions for 1 hour at 320°C and with a flash at 380°C with a base pressure < 107°
mbar. XPS spectra of Cls core level were acquired using an excitation energy set to 370 eV
and a VG-Scienta R3000 hemispherical analyzer, working with an overall energy resolution

of 0.2 eV. The Cls XPS spectra for PG and MG samples are shown in Fig. 2.8.
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Fig. 2.8: Cl1s XPS spectra of PG (red curve), MG (blue curve) and graphene on Cu as

grown (green curve).

Cls peaks are fitted by a Voigt function, a symmetric convolution of Lorentzian lifetime
and Gaussian instrumental broadening, after the subtraction of Shirley background to
account for the inelastic photoelectrons. The main peak at 284.5 eV corresponds to the sp?
carbon (C=C), which is distinctive of the pristine graphene. The presence of components at
higher binding energy (BE) is a substantial signal of sp’ hybridization, and other carbon
functionalities, such as C—O and C=0 [23, 24] that can be due to physisorbed hydrocarbons.
Two different components at 284.8 and 285.3 eV are ascribed to sp> species. More precisely,
the peak at 284.8 eV is assigned to sp> amorphous carbon and defects and could be due to

the presence of grain boundaries and lattice defects [1], and also to defects introduced
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during the transfer mechanism [10] that can cause the formation of hydrogenated species at
the boundaries, such as CH3z groups (component at 285.3 e¢V) [11]. In PG sample the
presence of hydrocarbon contaminants from polymer residuals further concurs to increase
the relative intensity of these components. Peaks at higher BE at 285.8 eV and 286.3 eV
correspond to C-O and to C=0O bonds, respectively; these oxidized states are given by the
presence of chemisorbed oxygen that can be due to the prolonged exposure to atmospheric
agents or to the transfer implemented in air [25]. Considering the ratio of the peak areas for
each sample, these results show that in PG sample the peaks due to the sp> carbon and
oxidized species (C-O, C=0) are more than twice as large than those obtained for MG one,
suggesting that residues of polymer remain on graphene. Indeed, MG presents a lower
contribution due to sp>, C=0 and C-O components, evidencing a sharp sp? carbon peak at
284.5 eV, which is distinctive of good quality pristine graphene. The obtained spectra are
compared with the Cls spectrum of as-grown graphene on Cu by CVD (green curve); this
spectrum presents two components, the dominant one at 284.65 eV is the fingerprint of as-
grown graphene on Cu that is shifted to higher BE with respect to graphene transferred on
a substrate because of the stronger interaction with Cu that leads to n-doping as reported in
literature [26]; the second feature at 284.65 eV could be associated to a weakly interacting
component of graphene with Cu as a consequence of the possible decoupling between Cu
and graphene in defected sites due to atmospheric agent exposure [26]. The position of the

peaks and the corresponding areas are summarized in Table 1 for all samples.

C sp3
Csp?(C=0) C sp3(CHs) C-0 C=0
(amorphus
carbon)
Position | Area |Position | Area |Position | Area |Position | Area
Position (eV) | Area (%)
(eV) (%) (eV) (%) (eV) (%) (eV) (%)
Ti 284.5 66.3 284.8 19.3 285.3 9.0 285.8 35 286.3 1.9
mr-1 284.5 46.7 284.8 28.9 285.3 17.4 285.8 53 286.3 1.7

Cu |284.5 [284.65 |36.3 |63.7 - - - = = - -

Tab. 1: Positions (eV) e areas (%) of peaks characteristic of Cls for MG, PG and

graphene on Cu as grown.




All the performed characterizations indicate a cleaner and less defected graphene in case of
Ti transfer respect the use of polymer.

In order to evaluate the graphene arrangement on the substrate after transferring, we
performed polarization dependent C K-edge near edge x-ray absorption fine structure
(NEXAFS). Polarization-dependent NEXAFS gives information on the orbital
hybridization and orientation of the graphene layer transferred on the substrate. C K-edge
NEXAFS were measured in partial electron yield mode (PEY) recording C KVV Auger
using the electron energy analyzer fixed at the kinetic energy of 261 eV. Two different
angles between polarization vector and surface plane were measured: normal-incidence
geometry (O = 0°, s-polarization) and near-grazing incidence geometry (© = 60°, p-
polarization). Fig. 2.9 shows the spectra obtained on MG sample after the removal of the

metal.
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Fig. 2.9: Polarization-dependent NEXAFS obtained on MG sample after the etching of Ti.

The main absorption peak selected with p-polarization corresponds to n* states (285.3 eV)

of sp? carbon network, while the continuous absorption at higher photon energies is assigned
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to o* states (292.7 eV). The polarization dependence shows that the n* states are suppressed
using s-polarized light, evidencing the presence of a nearly flat graphene layer. The other
features (287.3, 288.3 and 296.8 ¢V) could derive from the presence of CO bonds due to

the substrate, because of the presence of some defects or breaks in the graphene layer.

2.2.3 Analysis of the metal residuals after titanium removal

Once confirmed the lower level of contaminants and defects introduced by the Ti transfer,
remains to analyze if metal residues are present on graphene after Ti removal. In order to
evaluate this, XAS spectra at the L3 edge of Ti and K edge of F were performed in total
electron (TEY) method. Fig. 2.10a shows the spectrum of Ti L23-edge XAS and where no
traces of Ti can be observed; a typical Ti spectrum is plotted (dashed line) taken from
reference [27] for comparison. We also investigated the presence of Fluorine (F) residues
which could result from the HF solution: F K-edge XAS spectrum is shown in Fig. 2.10b:
also in this case no F traces are present on graphene. A F 1s edge taken on a CaF2 thick film
with deposition of 1.2 nm of MnF2 (dashed line) taken from reference [28] is plotted for
comparison, demonstrating our approach as an alternative for an ultraclean graphene

transfer method.
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Fig. 2.10: XAS spectra of a) Ti L23-edge of MG sample (blue line) compared with Ti L23
obtained on graphene transferred on TiO2 (dashed line) taken from reference [27]; b) F k-
edge on MG after Ti etching in HF (red line) compared with F 1s edge taken on a CaF2
thick film after deposition of 1.2 nm of MnF2 (dashed line) taken from reference [28].

In order to determine quantitatively the residual Ti amount on MG sample, we performed
XAS spectra on different Ti layers prepared ad hoc. Three 500x500 um? fields patterned
with circular dots are fabricated on bulk silicon with electron beam lithography (EBL) and
lift-off. The diameter of the dots is fixed to 500 nm and periodicity in the range of 2 pm and
10 um; 2 nm-thick layer of Ti is evaporated via electron beam in the same condition used

for MG sample. A scheme of the sample is shown in Fig. 2.11. The average coverage of Ti
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on each pattern field depends just on geometrical factor, such as the periodicity of the dots

array and the thickness of the dots.
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Fig. 2.11: scheme of the sample used as reference. Dots have a fixed diameter of 500 nm
and different periodicity: a) 2 um, relative coverage of 5% of Ti; b) 3 um, relative

coverage of 2% of Ti; ¢) 10 pm, relative coverage of 0.2% of Ti.

For every field, XAS spectra are recorded in UHV conditions (base pressure < 10~° mbar).
XAS Lp; edge of Ti is performed in total electron yield (TEY) method. The area of the
illuminated sample is about 300 um x 50 pm so that the spectra are not sensitive to the
inhomogeneous distribution of the Ti on the sample surface. The spectra obtained for every
field are shown in Fig. 2.12. The XAS spectrum obtained on the MG sample is inserted for

comparison. The spectra are normalized to the background.
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Fig. 2.12: XAS spectrum of metal-graphene (blue curve) compared with spectra obtained

on reference sample and with spectrum obtained in an area without Ti (pink curve).

From the measure of the peak areas we achieved the calibration curve shown in Fig. 2.13,

where the areas of the spectra are plotted against the average atomic density.
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Fig. 2.13: calibration curve of Ti density on the reference sample. The ratio between Ti and

C atoms is plotted in function of the areas (%) of XAS peaks.

We obtained 0.1 nm, 0.04 nm and 0.004 nm average coverage corresponding to 6x10'%,
2.3x10" and 2.3x10'? atoms/cm?, respectively for 2 pm, 3 pm and 10 pm periodicity.
Comparing the three lowest spectra we can conclude that the quantity of Ti present after

etching on metal-graphene sample is lower than 2.3x10'? atoms/cm?, that corresponds to the
1% of Ti.

2.2.4 Electrical characterization

Electrical characterization has been performed on graphene transferred on a bulk silicon
substrate with a thin thermal SiO; layer (300 nm). The transfer method is the same used for
PG sample. 1 pm-thick gold contacts are fabricated via electron beam evaporation on the top

of graphene using a shadow mask. A SEM image of the fabricated device is shown in Fig.
2.14:



Fig. 2.14: SEM image of graphene transferred on gold contact on SiO. Contacts are wire

bonded for electrical measurements.

The sheet resistance is measured with the transmission line method [29] in air on a surface
area of 1900 X 40 mm? using standard dc techniques with bias in the range -1.5+1.5 V. The
measured sheet resistance results equal to 2375 Q/sq, higher than the value of 350 Q/sq
reported in the product datasheet [17]. This difference can be ascribed to the size of the
analyzed area. Indeed, the average size of the crystalline domains is of the order 10 mm so
that many high resistance grain boundaries are included and the resulting resistivity is higher.
However, the sheet resistance of high-quality, undoped graphene is usually of the order of 6
kQ /sq [30] (one conductivity quantum per species of charge carriers [31]), therefore the
datasheet value provided by the company is somehow unreliable and other effects may play
a dominant role. First, in the provided datasheet there are no information on how electrical
measurements are performed. Second, information about the growth parameters is lacking.
Therefore, we cannot exclude that the datasheet value is the result of a wrong measurement
method or that a large intrinsic [32] or extrinsic doping is present. As a consequence, our
measured higher value of sheet resistance after transfer could indicate the introduction of
defects which decrease the electron mobility, or a compensation of the intrinsic doping
effect. On the other hand if an extrinsic doping, for example due to atmospheric
contaminants [33] is present, our transfer method could have removed those contaminants
and thus reduced the doping effect. Since we had no means alternative to graphene transfer
to measure the conductivity of the pristine material, we have not been able to further analyze

this issue.
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The same electrical measurements were not possible for the MG protocol because the use of
HF metal etching solution removes the oxide; however, we expect the graphene resistivity

to be dominated by grain boundary defects also in this case.
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Chapter 3

3.1 Transparent graphene membranes for ultra-high vacuum

experiments in liquid

When a chemical reaction in the gas or the liquid phase requires the presence of a solid
catalyst, the investigation of solid-liquid interfaces can provide important information to the
understanding and the improvement of the process yield. Usually, the transfer of electrons
from the solid substrate to the solution and vice-versa is a fundamental effect that should be
considered, and therefore its measure is particularly relevant. Photoelectron spectroscopy is
a powerful tool to quantify the change of the electronic charge of a molecule or a material.
It is usually performed in ultra-high vacuum (UHV) conditions while its application in
ambient conditions or, even worst, in liquid, are hindered by the extremely low inelastic
mean free path (IMFP) of electrons in a dense media. In this condition, to separate the sample
environment from the UHV conditions is a mandatory requirement. Today, different
approaches have been developed to overcome this limit and to perform in situ and in
operando study of this processes.

The first approach is based on the use of ambient pressure x-ray photoelectron spectroscopy,
when a thin layer of liquid is condensed on the top of the sample; the ambient in contact with
the sample is close to the atmospheric pressure, while the rest of the system is kept in vacuum
conditions [1].

A second approach is based on the use of liquid cells fabricated with a material which serves
as transparent window to photons and electrons. The most used materials are SiO2[2], Si3N4
[3] or beryllium [4]. In 2013, Masuda et al., used a SiO> membrane as separator between
liquid and vacuum to perform in situ XPS for the monitoring of silicon oxide growth during
electrochemical oxidation at the silicon/water interface [5]. Unfortunately, the minimum
thickness of those windows (~50 nm) exceeds the photoelectron IMFP, therefore they can
be used only for some technique, such as XAS measurements in fluorescence yield. To

provide a tool usable also for other techniques as XPS and XAS, a new approach is needed.



A straightforward solution could be based on the use of a thin membrane which allows higher
transmission of photons and electrons. 2D materials such as graphene [6], GO [2], or
hexagonal boron nitride [7], seem to be perfect for the realization of photoelectron
transparent membranes because of their few atomics layer and mechanical robustness. In
particular, graphene represents the ultimate solution because of its elasticity, mechanical
strength, impermeability, electron conductivity and transparency to both x-ray radiation and
photo-emitted electrons. Alivisatos and coworkers [6] demonstrated the possibility to trap
an aqueous solution of DNA-Au-nanoparticles in a sealed liquid cell created by coupling
two graphene layers; they were able to observe the dynamic of the system with transmission
electron microscope with nanometer resolution. In 2011, Kolmakov and coworkers proved
that GO is transparent enough to perform soft x-ray photoelectron measurements [2]; they
developed a liquid cell with SiO; or Si3N4 membrane with micrometric sized holes covered
with few flakes of GO for the observation of water in UHV condition. The problem is that
GO it is not conductive and photoelectron spectroscopy require an energy reference [8];
secondly, the thickness of GO membrane cannot be precisely controlled. Finally, because of
the small size of the holes a focalized x-ray photon beam was used, but the large photon
density created gas bubbles that made the measurements of the liquid disturbed by water
radiolysis. The straightforward solution would have been to use larger holes and a defocused
beam, but, unfortunately, large flakes of GO were not available.

Trying to overcome this problems, the same group fabricated a transparent graphene
membrane [9], demonstrating the advantages of the graphene use in the observation of water
with soft x-rays as alternative under-pressure approach. Another study reported by Salmeron
and co-workers presents a graphene membrane liquid cell formed by graphene bilayer on a
gold-coated Si3N4 membrane with an array of holes [10]. The fundamental problem observed
in both the experiments is due to the formation of bubble under continuous illumination of
the beam, due to water radiolysis: first, the bubbles can disturb the in operando
measurements and secondly, the radical produced by the radiolysis may a locally oxidize the
graphene generating local defects that will collapse under the high pressure developed by

the formation of gas bubbles.
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3.2 Graphene nanobubbles for transparent liquid cells

It is evident that graphene membranes represent a very powerful tool to study in situ and in
operando processes at solid-liquid interfaces, but it should be noted that is very difficult to
obtain large and suspended membranes that do not collapse when placed in vacuum.
Secondly, a perfect sealing and a good contact between graphene and the liquid inside the
cell is fundamental for the success of the measurements. Keeping in mind this
considerations, can be take advantage from graphene flexibility and capacity to deform.
When graphene is attached on a substrate, the latter or the transfer itself can induce ripples
and blisters. If it could be possible to trap a solution between this ripples and the substrate,
these graphene nanobubbles (GNBs) can be used as a sealed, transparent cell. For instance,
it was observed that the biaxial strain caused by a thermal process on graphene/hexagonal
boron nitride heterostructure can lead to the formation of GNBs [11]. Another example is
given by GNBs on diamond used as hydrothermal anvil cell to observe superheating water
with different techniques, such as AFM, Raman and in situ Fourier transform infrared
spectroscopy [12].

In our laboratory, I obtained GNBs on different substrate, such as SiO», TiO; and also
between two graphene layers suspended on a Si3N4 membrane. Fig. 3.1a shows a SEM image
of GNBs on a TiO> single crystal substrate and the Fig. 3.1b presents an image of GNBs
trapped in a graphene bilayer suspended on a Si3Ns membrane 200-nm-thick, patterned with

holes with diameters and periodicity of 8 um and 16 um, respectively.



Fig. 3.1: SEM images of GNBs trapped between: a) graphene monolayer and TiO2 (100)

rutile single crystal; b) two graphene layers suspended on a Si3N4s membrane. The bilayer
is obtained with a double wet transfer using the protocol described in chapter 2 for the PG
sample. The inset shows GNBs on a not patterned part of the membrane [Matruglio et al.,

unpublished].

Fig. 3.1a shows a very large bubble, with size of tens of um, but generally the obtained

bubbles have size from a few nm to a few microns, such as those obtained in Fig. 3.1b.
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3.3 Graphene nanobubbles on TiO: for in situ electron spectroscopy of

water

To realize a sealed cell containing liquid for UHV electron spectroscopy, we decided to
create GNBs trapping water on a TiO; (100) rutile single crystal substrate. TiO> was chosen
because is an important wide-band gap semiconductors and it has been extensively
investigated as photocatalyst in a large variety of applications, including air and water
purification system [13], hydrogen evolution [14], photo-degradation of pollutants [15],
water splitting [16], reduction of carbon dioxide (CO») into carbon fuels [17] and self-
cleaning surfaces [18].

The presence of liquid trapped underneath the graphene layer enables the use of this system
as liquid cell for XPS and XAS studies in liquid phase or at the solid-liquid interface. In the
next sections the production and the characterization of the GNBs will be described. The
cells will be used for in situ study of water under thermal treatment with AFM, Raman, XPS

and XAS techniques in UHV conditions.

3.3.1 Fabrication of graphene nanobubbles

The GNBs are obtained starting from commercially available CVD graphene on Cu [19].

Fig. 3.2 shows the Raman spectrum of the graphene on Cu as received, obtained with

excitation wavelength of 532 nm and the laser power on the sample of I mW.
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Fig. 3.2: Raman spectrum of the graphene as-received. No distinguishable D peak is

observed providing an indication of a not defected, good quality graphene.

Graphene Raman spectrum

In graphene, the Stokes phonon energy shift
caused by laser excitation (532 nm) creates

two peaks: G (1580 cm™), a primary in-

Intensity (a.u.)

plane vibrational mode, that involves sp?

hybridized carbon atoms (linear increase as

the number of graphene layers increases), Te0s ram 200, 2400 2800

and D band (1350 ¢cm™), a ring breathing mode from sp? carbon rings, which must be near an edge
or a defect to be active. Therefore, in absence of defects the D band is not visible. The second-order
overtone of a different inplane vibration is the 2D band (2690 cm™'). The number of layers can be
derived from the ratio of peak intensities, I-p/Ig, as well as the position and shape of these peaks; in

high quality (defect free) single layer graphene is ~2.

The graphene monolayer is transferred on a TiO> (100) rutile single crystal using the
thermoplastic polymer mr-I 7020 as sacrificial layer instead of the commonly used PMMA,
for the reasons presented in the Chapter 2 [20]. The mr-I1 7020 seems the right choice because
a high quantity of impurities on top of the graphene may hinder the escape of the electrons

photoemitted from the underlying sample. The transfer method based on a Ti sacrificial layer
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cannot be applied because the HF etching solution of the Ti sacrificial layer can also etch
the TiO; substrate.

Following the protocol developed in Chapter 2 for the PG sample, 250 nm of mr-1 7020 was
spin-coated on graphene on Cu. The Cu foil is etched overnight in a Cu etching solution
(FeCl3:H20=3:7 ratio in volume). Possible residuals due to the etching solutions (Fe and Cu)
are avoided rinsing the graphene/polymer membrane in DI water. The GNBs are obtained
fishing graphene into DI water directly on the TiO» crystal with the TiO> approaching the
substrate in a parallel direction with the graphene-polymer membrane, avoiding the water
escape. The wettability of the bare TiO; substrate, and thus the number of GNBs, was
previously modulated by oxygen plasma and thermal treatments up to 700°C [21] because
surface defects and adsorption of OH™ groups on the crystal surface contribute to the
formation of GNBs during the transfer protocol. Finally, mr-I 7020 is dissolved in cold

acetone for 5 minutes. A scheme of the transfer procedure is reported in Fig. 3.3:

mr-1 7020 mr-1 7020 Cu etching mr-1 7020
spin coating [ in FeCl; solution v

Transferring on
TiO, substrate
in FeCl; solution

Encapsulated
aqueous solution

Dissolving énr-l 7020
mr-1 7020 _——= .

GNBs/TiO2

TiO, (100) rutile

Fig. 3.3: scheme of the graphene wet transfer process from Cu to TiO: substrate.

To verify the absence of residuals due to the etching solution, XAS measurements have been
performed on the CNR BACH beamline at Elettra Sincrotrone Trieste. The XAS spectra of
Fe L23-edge and Cu L23-edge are shown in Fig. 3.4a and b, respectively.
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Fig. 3.4: XAS spectra of: (a) Fe L23-edge and (b) Cu L23-edge.

It was observed that even with low concentrations of Fe, such as 0.025 ML deposited on
Cu(100), the typical peaks and structures of Fe L23 are visible in XAS spectra [22].
Moreover, it is known that 1 ML of Fe (bcc) corresponds to 1.214 X 101° atoms/cm? [23].
Since no structures are detectable in our spectrum (Fig. 3.4a), we can estimate that Fe
residuals are for sure lower than 10'° atoms/cm? and lower than 0.025 ML.

Regarding the Cu, Ferretti et al. deposited Cu clusters on a Si substrate, and observed that
for a coverage of (3 — 8) X 1012 atoms/cm?, Cu structure is visible in the Cu L3 XANES
spectrum [24]. In Fig. 3.4b, no structures are cleary visible, indicating that Cu residuals are

lower that the value of 102 atoms/cm?.

3.3.2 Characterization of graphene nanobubbles

To prove the presence of the water trapped in the GNBs, AFM measurements have been
performed on the freshly prepared sample and compared with the same sample annealed for
1 hour at 350 °C in UHV. The measurements have been performed in intermittent mode
using Nanowizard II AFM (JPK), which allows to scan the sample in the range of
100x100x15 pm. PPP-FM silicon probes (Nanosensors) with a force constant of 3 N/m and
guaranteed tip radius of curvature less than 10 nm has been used. The scan rate was 0.25 Hz.

The obtained measurements are shown in Fig. 3.5.
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Fig. 3.5: (a) AFM image of GNBs full of water on TiO; substrate before annealing; (b)
AFM image of the same sample after annealing at 350°C, which induce a clear GNB
collapse; (c) height profile obtained before annealing (black curve) and after the annealing
(red curve). Irregularly shaped GNBs with an average height of 6 nm and lateral size of a
few hundreds of nanometers are observed before the annealing, while a nearly flat layer is

formed after the annealing.

The height profile before the annealing process (black curve in Fig. 3.5¢) indicates the
formation of irregularly shaped GNBs with an average height of 6 nm, and lateral size of a
few hundreds of nm. The AFM images in Fig. 3.5a and b show a change in the topography
after the annealing, confirmed also from the height profile (red curve in Fig. 3.5¢): graphene
becomes flat and the number of defects and sharp bends increases. Our interpretation is that
the extra breaks are formed in the sites where the biggest GNBs collapsed due to the
overpressure generated by the thermal treatment in UHV.

To confirm our hypothesis and to characterize the structural changes of the system, we
performed Raman spectroscopy in order to have an indication about graphene quality and

defects before and after the thermal treatment. Raman measurements have been performed



in the reflection geometry on an inverted optical microscope (Axiovert 200, Zeiss) coupled
with a 750 mm long spectrometer (Shamrock SR-750, Andor Technology plc). CW laser
with the excitation wavelength of 532 nm (Cobolt Samba, 50 mW, bandwidth 1 MHz) was
used as an excitation source, with a diameter of laser spot of ~0.35 um and power of I mW.
The Raman spectra obtained before (black spectrum) and after the annealing (red spectrum)

are shown in Fig. 3.6.
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Fig. 3.6: Raman spectra of GNBs before (black curve) and after the annealing (red curve).
The increasing of D peak and the diminution of the 2D/G ratio indicate an increase of

defects and a deterioration of the quality.

The spectra show the three distinct peaks of graphene [25]: D peak at 1350 cm™!, G and 2D
peaks at 1590 cm™ and 2695 cm™!, respectively. The as-transferred graphene is characterized
by a high 2D/G ratio, about 3.7, indication of the high quality of the layer [26]. The presence
of the D peak indicates that some defects are introduced during the transfer process: indeed,
before the transfer the as-grown graphene does not show any D peak (Fig. 3.2b). After
annealing the 2D/G ratio is ~1, indicating a deterioration of the quality, which is consistent
with the sharp bends and cracks already observed in the AFM images. The positions of D,

G and 2D peaks after annealing are systematically up-shifted and broadened that is a sign of
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a trend from a tensile-like to a compressive-like strain [26]. A similar behavior was already
observed in other system, such as graphene nanoblisters filled with gas [27].

A scheme of the whole process is shown in Fig. 3.7:

Gr
. TiO, ' .
nnealing
H,0 mr-17020 °
s sl 350°C

[ 3 Tio, N |
Wet

Gr transfer

Fig. 3.7: summary scheme of the whole process, from the graphene on metal to the final

configuration measured.

In order to have information about the orbital hybridization and orientation of the graphene
layer transferred on the TiO; crystal, polarization-dependent NEXAFS has been carried out
in UHV (base pressure < 10" mbar). NEXAFS at the C K-edge were measured in partial
electron yield mode at two different angles between polarization vector and surface plane:
normal incidence geometry (O = 0°, s-polarization) and near grazing incidence geometry (O

= 60°, p-polarization). The spectra are shown in Fig. 3.8.
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Fig. 3.8: Polarization dependent NEXAFS at C-K edge of as-transferred graphene/TiO>
(lower spectra) and graphene/Ti0O; annealed at 350°C in UHV (upper spectra).

The spectra suggest the transition from a curved morphology (GNBs) to a flat graphene layer
after water evaporation. The spectrum of as-transferred graphene shows a limited dichroism
of the - and o-resonances in comparison to the annealed one. This behavior can be observed
in systems with curved morphology, where the n* orbitals are randomly oriented with

respect to the photon electric field along the surface [28].

3.3.3 Ultra-high vacuum measurements on graphene nanobubbles

To demonstrate the possibility to perform x-ray electron measurements in situ, XPS have
been performed. The spectra of the system before and after the annealing are compared with
the spectrum of graphene as-received. XPS spectra of Cls, Ols and Ti 2p core levels are
recorded using two different excitation energies: 596 and 1049 eV. A VG-Scienta R3000
hemispherical analyzer, working with an overall energy resolution of 0.2 eV, was used for

XPS measurements. Cls peaks of the system before and after the annealing is shown in Fig.
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3.9; the spectra are fitted by a Gaussian function prior subtraction of Shirley background to

account for the inelastic photoelectrons.
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Fig. 3.9: Cl1s XPS spectra of graphene on Cu as grown (green curve), GNBs on TiO> as

transferred (black curve), and graphene on TiO; after the annealing at 350°C (red curve).

The main peak at 284.5 eV corresponds to the sp? carbon (C=C), distinctive of pristine
graphene, while the second component at 285.0 eV is ascribed to sp* species that are due to
amorphous carbon introduced during the transfer process [29]. The weak component at 285.6
eV is a signal of C—O bonds, which could be associated to the formation of hydrogenated or
oxidized species at the boundaries, such as C-OH or epoxy groups [30]. The small
components at higher binding energies typical of C=0 (~286 eV) or O=C-O (~288 eV)
species indicates the presence of some polymer residuals from mr-I1 7020 employed for the
transfer. The contribution of these components is less than the main sp? carbon peak,
showing that the as-transferred graphene is quite clean. After 1 h of annealing at 350 °C, a
clear narrowing of the Cls spectrum of graphene/TiO> is observed as a consequence of the
thermal removal of mr-I 7020 polymer residuals. In fact, all the components at higher
binding energies associated to C=0 or O=C-OH species are absent.

To prove the presence of the water, O 1s spectra have been recorded. The spectra are shown

in Fig. 3.10.
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Fig. 3.10: O1s XPS spectra of GNBs on TiO; before (black curve) and after the annealing

(red curve).

Spectra are deconvoluted using four Gaussian components: as-transferred Gr presents a peak
at 531.4 eV that is associated to oxygen deficiencies on TiO; surface [31] and to bridging
hydroxyls on the surface vacancies [32] of TiO,, while the component at 532.5 eV can be
attributed to C-OH or C-O groups most likely due to polymer residuals or epoxy species at
the boundaries of the Gr layer, as also observed on C 1s [33]. The component at 533.5 eV is
in good agreement with the binding energy (BE) of liquid water [34, 35]. These data strongly
indicate that a layer of liquid water and hydroxyl species were trapped at the graphene/T102
interface during the wet transfer procedure. After the annealing at 350°C, the liquid
component of water (533.5 eV) is clearly reduced, although not completely removed. Also
the intensity of C-O and C-OH components on the surface of graphene decreases as
consequence of the thermal removal of polymer residuals. Interestingly, an extra peak at
530.5 eV originating from the lattice oxygen of TiOz appears [36]. To confirm this last result,

Ti 2p spectra are recorded and shown in Fig. 3.11.
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Fig. 3.11: Ti 2p XPS spectra of GNBs on TiO; before (black curve) and after the annealing

(red curve).

Before the thermal treatment, the TiO> core-level emission peak is barely visible, while after
annealing the two peaks with BE 0f 458.5 and 464.2 eV arising from spin orbit-splitting 2p3/
and 2p12 of Ti*' in TiO; are clearly observed [37]. No trace of Ti** or Ti?" signals are present
in Ti 2p spectra indicating that the thermal treatment does not affect the stoichiometry of
rutile [37]. This is confirmed also by XAS spectra at the L3 edge of Ti of Gr/TiO2 (100)
single crystal, recorded before and after the annealing; the measurements are performed in

total electron (TEY) method. The results are shown in Fig. 3.12.
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Fig. 3.12: XAS at Ti L3 edge of rutile in as-transferred Gr/Ti0O: (black curve) and Gr/TiO2
annealed at 350°C in UHV (red curve).

Both Ti L3 XAS spectra show the typical structure of rutile single crystal [37] with two
small pre-edge features at 456.4 eV and 457 eV, and the distinctive splitting of the L, and L3
components. Ti Lo 3 XAS show that the stoichiometry of TiO> crystal is not affected by the
presence of Gr, and confirm its resistance to chemical and thermal treatments during the
transfer procedure.

To return to the spectra in Fig. 3.11, is important to note that the increase of the
photoemission intensity from bulk TiO; both in Ti 2p and in O 1s spectra after the annealing
indicates that the TiO; substrate is initially covered by a layer of an electronically dense
material which is removed by the thermal treatment. Moreover, the thickness of such layer
should be larger than the electron escape depth, which, for the kinetic energy under
investigation, is in the range of 0.5 nm — 5 nm. On the other hand, the C s is dominated by
the sp? component arising from the Gr layer both before and after annealing, indicating that
graphene is the uppermost layer of our sample, while, the contaminant residuals present on
the graphene surface are not enough to screen the signal of the underlying layers. We can
therefore conclude that the screening material is trapped between the Gr layer and the TiO»

substrate. The significant reduction of the H2O components in O 1s spectra upon annealing
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proves that the enclosed material is composed of liquid water trapped during the transfer

process.

3.4 Advantage in the use of graphene nanobubbles for in situ UHV

analysis

We successfully developed a novel graphene transparent sealed cell based on the formation
of GNBs filled with water for in situ studies of a liquid environment using conventional
electron spectroscopy techniques in UHV conditions.

The process to obtain a disordered array of GNBs is more simple and robust in comparison
to “conventional” graphene layers suspended on SiO> or Si3Ny patterned membranes. In fact,
with this configuration, graphene is not suspended over an orifice, but it is simply transferred
on the solid substrate owing the proper wettability for trapping aqueous solution inside
GNB:s. In this way the system avoids the risk of break or collapse of the graphene layer. In
addition, this system is time saving because does not require the fabrication of a micro-
patterned support. Another important aspect is that thanks to the elasticity of graphene, the
GNB can follow any change in the volume of the system, so that the trapped liquid can be
always in contact with the graphene layer even though the solvent may evaporate slowly
from defects. Graphene layers suspended on a membrane may not be able to keep the contact
with the residual liquid inside the cell in case of leakage, making difficult the measurement
of XPS or XAS signals.

The proposed system is a valid, alternative method to measure stable systems in liquid,
enabling the electronic characterization of different chemical or physical processes in liquid

phase or at the solid/liquid interface.
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Chapter 4

4.1 Graphene nanobubbles on TiQO: for in situ electron spectroscopy of

liquid-phase chemical reactions

In the Chapter 3, the realization of GNBs filled with water for in situ electron spectroscopy
analysis has been described. The possibility to fill the GNBs with the desired solution,
enables the investigation of the electronic mechanisms at the base of liquid/solid electronic
transfer in processes such as catalysis, energy conversion processes, water splitting and so
on.

In a very recent work, Nair’s group fabricated GNBs trapping different salts (MgClz, CuSOg,
Ca(OH),) between two graphene layers [1]; the chemical reaction of salts with water was
promoted by pressure and led to the formation of the 2D crystals of the corresponding oxides.
The reaction was monitored by Raman spectroscopy at room temperature and TEM analysis.
To the best of our knowledge, this represents the only study in literature of chemical reaction
inside GNBs. In the mentioned experiment, however, GNB are used to confine the liquid
phase into a high pressure environment. On the other hand, as already shown in Chapter 3,
GNB allow the application of UHV-based analytical techniques, which could not be used
otherwise to investigate the properties of liquid systems. Since techniques such as XPS or
XAS spectroscopy can provide unique knowledges in liquid/solid interface investigation, we
decide to demonstrate the application GNBs as a sealed cell to follow the dynamic of a few
demonstrative chemical reactions. Two reactions will be analyzed, one promoted by the
temperature (reduction of Fe in a FeCls solution) and one promoted by UV light (reduction

of Fe in a Prussian Blue solution), monitoring in situ the reactions in a liquid environment.



4.2 In situ study of liquid-phase thermal reduction of FeCl; solution

Iron-based compounds are red-ox species at the base of many biologic processes, such as
respiration [2], nitrogen fixation [3], and photosynthesis [4], and of high relevance in several
technological processes such as fuel cells [5] and galvanic corrosion phenomena [6]. For
these reasons, we decided to follow the chemistry of the thermal-induced reduction of Fe in
a FeCls aqueous solution trapped inside the GNBs as a proof of the possible use of this
system for in situ studies. This choice was also dictated by the easiness of its implementation:
indeed, a solution based on diluted FeCls is used to etch Cu for CVD-grown graphene
transfer, as described in Chapter 2, therefore its trapping inside GNB was of easy
implementation.

The thermal decomposition of FeCl; produce FeCl, + Cl; and takes place at temperature near
to 200°C [7]. Therefore, to promote the chemical reaction, the system was annealed to 250°C
for 1 h with two purposes, check the GNB thermal stability and follow the thermal induced
reduction process from Fe** to Fe 2. The reaction has been analyzed with XPS and XAS,
measuring the electronic states of CI, Fe and O obtained through a combination of electron

spectroscopies in the different phases of the process.

4.2.1 Sample preparation

Following the same protocol showed in the Chapter 3 for the fabrication of GNBs, a solution
1.6 M of FeCl3.(H20)s (Sigma-Aldrich, ACS reagent, 97%) is trapped between GNBs and a
Ti0; (100) rutile single crystal substrate, just by skipping the rinsing procedure with DI
water. Commercially available CVD grown graphene on Cu is used [8]. Till the end of the
process, the graphene surface is covered by 250 nm-thick layer of mr-I 7020, and it never
gets in contact with the etching solution. Therefore, as already shown in Chapter 3, XAS at
the Fe Ls;»-edge measured on GNBs filled with water shows that no unintentionally
deposition of Fe may result from this process [9]. Fig. 4.1 shows a cartoon of the final

configuration of the fabricated sample.
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GNB:s filled with an aqueous
solution of FeCls

&AMJ
TiO,

Fig. 4.1: cartoon of the fabricated sample: the diluted FeCls solution is trapped in GNBs on
TiO; substrate.

4.2.2 X-ray electron spectroscopy of FeCls solution in graphene nanobubbles

We performed x-ray measurements at the CNR BACH beamline at Elettra Sincrotrone in
Trieste. The chemical features of the GNBs containing FeCls has been investigated by XPS
and XAS. Two photon energies have been used for the scope, 596 eV and 1049 eV in order
to change the surface sensitivity and disentangle the surface/vacuum interface from the bulky

contributions.

Surface sensitivity
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where /(d) is the electron intensity after the travel
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through the solid. A(E) is the inelastic mean free
path (IMFP) of the electrons, described from the universal curve. Between 54 and 500 eV

of electron energy, there is the maximum of the surface sensitivity.

In order to confirm the presence of the liquid inside GNBs and to confirm the presence of
FeCls in solution we measured XPS O 1s and ClI 2p core-level photoemission spectra. The
results are showed in Fig. 4.2a and b, respectively. The spectra have been normalized to their
maximum intensity and a Shirley background to account for the inelastic photoelectrons

have been subtracted.



hv=1049 eV

Normalized Intensity (a.u.)
|
Normalized Intensity (a.u.)

hv=596

536 534 532 530 528 204 202 200 198 196

Binding Energy (eV) Binding Energy (eV)

Fig. 4.2: XPS spectra of a) Ols and b) Cl 2p of GNBs filled with an aqueous solution of
FeCl; (1.6 M) acquired using a surface-sensitive photon of 596 eV in energy (blue curves)

and a more bulk sensitive photon of 1049 eV in energy (red curves).

As observed for GNBs filled with water, the O 1s peaks can be deconvoluted in four
components: the one at 533.5 eV is related to liquid water, as already shown in the previous
chapter [10, 11]; the component at 532.5 eV can be related to graphene surface
contamination (C-O, C-OH), the one at 531.4 eV is related to hydroxyl radicals (OH) at the
Ti0; surface, and finally, the one at 530.5 eV is related to bulk TiO». As expected, higher is
the used energy, more bulk sensitive is the photon, and consequently higher is the intensity
of the component associated to bulk TiOz. Surprisingly, the H2O/C=O ratio decreases with
bulk sensitive photons; this is something unexpected, because we expected to have less
sensitivity to the water/graphene interface. Our hypothesis is that the two spectra are taken
in two different position on the sample and spectrum at higher energy is taken in an area
with a smaller density of GNBs; consequently, the components associated to H>O is lower
respect to an area with a higher number on bubbles.

ClI 2p spectra consist of two spin-orbits doublets: the first peaked at 198.7 eV and 200.3 eV
is attributed to ClI” ions in solution, the second peaked at 200.1 eV and 201.7 is attributed to
the formation of CI-C bond at the graphene interface [12, 13]. With the surface sensitive

photon energy of 596 eV, the intensity of the component associated to Cl atoms bound to
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the graphene layer is higher; while using the bulk sensitive photon energy of 1049 eV, the
intensity of the CI" component is stronger, in agreement with the hypothesis that the liquid

solution of FeCls that contains the CI” ions is confined between graphene and TiO».

4.2.3 X-ray electron spectroscopy of Fe reduction inside graphene nanobubbles

To promote the Fe reduction from Fe3+ to Fe2+, the system was annealed at 250°C for 1 h
in situ, without transferring the sample to a different experimental system. The Cls and the

Fe 2p spectra acquired before and after the thermal treatment are shown in Fig. 4.3a and b,

respectively.
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Fig. 4.3: XPS spectra of a) Cls and b) Fe 2p before (blue spectrum) and after the annealing
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(red spectra). The spectra in a) are recorded using a photon energy of 596 eV, while the

spectra in b) are recorded with photon energy of 1040 eV. The inset in b) shows the XPS

Fe 2p spectrum for polyacrylonitrile/ferrous chloride nanofibers, taken from ref. [14] for

comparison: arrows correspond to the Fe 2p in Fe(II), dots correspond to Fe 2p in Fe(IlII).

Upon annealing the intensity signal C 1s does not show a strong intensity change. However,
a decrease of the C-C sp®> component intensity can be observed that we attributed to the

removal of polymer contaminants as already shown in the Chapter 3. Moreover, a new peak

at 284.1 eV appears, showing the presence of a C-FeCl, component.




The analysis of the Fe 2p core level after the annealing shows the Fe in a 2+ oxidation state,
which is the appearance of features characteristic of solid FeClz [15]. The 2ps/2 peak of both
Fe spectra can be fitted using several components and the fitting values obtained for the
annealed sample are in good agreement with those of FeCl, reported in literature [14].

To confirm the obtained results, we analyzed the oxidation state of Fe ions also by recording
the XAS spectra at the Fe Ls>-edge in total electron yield (TEY), measuring the current on
the graphene layer, before and after the annealing. The spectra are reported in Fig. 4.4 and
are obtained before (blue curve) and after the annealing (red curve). Both spectra are
compared with a simulation obtained with the Ligand Field Multiplet (LFM) approach (grey
curves) [16]. The effects of o- and 7z-donation from water to Fe ions were not accounted in

these simulations.

Fe L; ,-edge
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Fe 2+ (Oh)

Normalized Intensity (a.u.)
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Fig. 4.4: XAS spectra of the Fe L3 >-edge measured on GNBs filled with FeCls solution
before (blue curve) and after the annealing at 250°C (red curve). Calculated LFM spectra
(gray curves) of Fe’” (before annealing) and Fe?" (after annealing) are reported together

with the corresponding experimental data.

Before annealing, the simulated spectrum accurately reproduces the main features of the
experimental data assuming the Fe*" in an octahedral (On) configuration typical of FeCls
compounds [17]. As expected, the iron L3-edge of FeCls consists of a main peak at 710.5 eV
and a pre-peak at 708.7 eV in the Ls-edge, and by two components at 721.8 and 723.5 eV
(and a shoulder at 720 eV) in the L:-edge. After annealing, the spectrum dramatically

103



changes to a conformation typical of Fe(II) compounds [18], which is composed by a main
peak at 709.8 eV and a small shoulder at 711.5 eV, while the L>-edge has a main component
at 721.4 eV and two small shoulders at 720.5 and 723.6 eV. The simulation, assuming the
Fe?" in On configuration, reproduces quite well the experimental spectrum expected for
FeCl, [19], thus confirming the thermal induced reduction of Fe from 3" to 2.

To prove that the thermal-induced reduction of FeCls to FeClz occurs only if the molecules
are in liquid phase, Fe Ls»-edge XAS spectra were also acquired on a dry film of
FeCls.(H20)¢ prepared by drop casting on a Si wafer as a function of the annealing

temperature. The results are shown in Fig. 4.5.
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Fig. 4.5: XAS spectra of the aqueous solution (top spectra) and dry film (bottom spectra)
of FeCl3(H20)s measured at different temperature: RT (black curve), 80°C (green curve),
and 250°C (red curve).

From the spectra, is clear that the oxidation state of the dry film does not change upon
annealing, while it gradually switches form 3" to 2" in the case of the aqueous solution. It is
interesting to notice that upon annealing at 80°C the spectrum still indicates the presence of
the water component and the oxidation state of Fe is a mixture of 3" and 2" ions. Heating up
to 250°C, the temperature induces the complete Fe*" reduction to Fe?* and the evaporation
of water. On the contrary, in the drop cast of FeCls.(H20)s the Fe reduction does not occur
and the dry film undergoes a different thermal dehydration and decomposition mechanism

that lead to the formation of oxide species such as Fe(OH)Cl,, FeOOH and Fe;03, as already



widely investigated in literature [20]. A cartoon which summarize the process in GNBs in

shown in Fig. 4.6.

FeCl, (s)
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Fig. 4.6: scheme of the process before and after the annealing at 250 °C.

Fig. 4.7 shows a summary scheme of the proposed thermal decomposition mechanisms for

FeCl; aqueous solution (Fig. 4.7a) and FeCl; dry film (Fig. 4.7b).

a) b) )
Liquid in GNBs Dry film
250°C 90°C 200°C

FeCl;(H,0), (s)=>Fe(OH)Cl,(s) =

2Q0°C 300°C
—>FeOOH(s)=> Fe,04(s)

2FeCly(aq) = 2FeCl,(s)+ Cl,(g)

Fig. 4.7: schematic representation of the proposed thermal decomposition mechanisms for

a) FeCls aqueous solution and b) FeCls dry film.

This study demonstrated that the use of GNBs enables the application of UHV-based
spectroscopies to follow the dynamics of a chemical reduction which occurs in the liquid
phase. To this purpose we designed the simplest possible experiment, using FeCls;, which
did not require extra processing step with respect to the fabrication described in Chapter 3
(indeed, it reduced the process complexity by one step, the rinsing procedure), and used
temperature as an external input, that was already implemented on the BACH beamline and

thus did not required extra instrumental efforts. However, the use of GNB is general and can
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be applied to a large number of chemical reactions. To demonstrate the general character of
this approach, we followed the dynamic of a chemical reduction in GNBs promoted by UV

light. The experiment and the results are presented in the next sections.

4.3 In situ study of liquid-phase UV reduction of Prussian Blue

To demonstrate the adaptability of GNBs for a different kind of study, we decided to analyze
the photoreduction of the Prussian Blue (PB) starting from its soluble form
K[Fe'Fell(CN)4] [21]. The interest in PB derives from its use in a lot of applications, such
as material in photomagnetic devices [22], electroactive layer in electrochemistry [23],
cathode material for battery [24], and electrode in biosensors [25]. PB is characterized by
interesting photomagnetic properties that can be attributed to photoinduced electron transfer
processes leading to changes in the oxidation and spin state of Fe. Indeed, upon UV light
exposure the electrons promoted in the conduction band of ferromagnetic PB can be reduced
leading to the paramagnetic colorless Everitt’s salt, well known as Prussian White (PW) [25]
with formula K,[Fe!'Fe!! (CN)¢]; partial or complete oxidation leads to the Berlin Green
(or Prussian Green) with formula KFe[Fe!l(CN)¢]- Fe!''[Fe (CN)¢] and
Fe!"[Fe!"(CN)], respectively [26].

Photoinduced electron transfer of PB was already studied on TiO2 nanosheets by Fourier
transform infrared spectroscopy upon light irradiation at room temperature. It was observed
that the electron transfer occurs only in presence of a water environment [25]; upon UV band
gap excitation of TiO,, holes and electrons are generated in the valence band and the
conduction band, respectively. The electron transfer requires the presence of water, which
acts as scavenging reagent to reduce the generated holes in the valence band, preventing that
the electrons excited to the conduction band could be easily recombined with holes [27]. The
photoexcited electrons from TiO; are injected into PB to reduce Fe! to Fe!' atoms, and

convert it into PW. A scheme of the process is shown in Fig. 4.8.



~0.58 |» » w—
A N
)
Q
w
g Fe'-CN-Fe'
2, O eenn| |eeEmmnEn Coz
% Fe'-CN-Fe"
‘3 1.2 |n wwn| |2 250 50 0 o——
% Fe'-CN-Fe"
E Prussian Blue
°
8 UV (320nm)
@
322 |nm —C H,0
TO

Fig. 4.8: schematic energy diagram of photoinduced electron process in the TO

Nanosheets/Prussian Blue Ultrathin Films [25].

We decided to use GNBs to analyze the photoreduction of PB in sifu. GNBs on TiO; single
crystal filled with PB are compared with a dry sample of PB on TiO> in order to compare
the effect of the presence of water on the photoreduction process. Photoreduction is induced
in situ using an UV laser at 395 nm of wavelength at 15 mW for different intervals of time.
XPS and XAS electron spectroscopy have been used to monitoring the reaction; Raman

spectroscopy has been performed to confirm the obtained results.

4.3.1 Sample preparation

GNBs filled with the PB solution on a TiO> (100) rutile single crystal substrate have been
fabricated. The PB solution is prepared with 6.58 mg of K3[Fe(CN)¢] (Potassium ferri-
cyanide, Sigma Aldrich), with the addition of 0.97 gr of FeCl2-4H>O (Iron(Il) chloride
tetrahydrate, Sigma Aldrich), in 20 ml of DI water. The final PB solution is diluted 10 times.
The reaction is described by the (4.1):

Ki[Fe(CN)4] + FeCl, = KFe[Fe(CN)4] + 2KCl 4.1)
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A picture of the starting and the final solutions is shown in Fig. 4.9.

Fig. 4.9: the starting Potassium ferri-cyanide solution (yellow) and the final PB solution

(dark blue).

CVD grown graphene on Cu is provided by the Department of Physics of Bilkent University
in Ankara, Turkey. I characterized the graphene as-grown by SEM and Raman
spectroscopy at IOM-CNR laboratory. The SEM images and the Raman spectrum are
shown in Fig. 4.10a and b, respectively. The Raman spectrum is obtained with the

excitation wavelength of 532 nm and with laser power on the sample of 1 mW.
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Fig. 4.10: characterization of CVD graphene as-grown on Cu. a) SEM image and b)

Raman spectrum.

As shown in Fig. 4.10a, thanks to graphene electron transparency, the Cu surface
morphology is visible, and graphene cover clear Cu steps. This is an aspect already observed
with commercial CVD grown graphene, as shown in the chapter 2. The Raman spectrum in
Fig. 4.10b indicates a good quality, monolayer graphene, with a little D peak which suggests

the existence of a low quantity of defects due to grain boundaries and lattice defects.
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For the samples preparation, the same procedure described in the paragraph 4.2.1 was
adopted. After the deposition of 250 nm of mr-I 7020 on graphene, the Cu is etched and the
graphene/polymer membrane is rinsed several times in DI water and transferred in the PB
solution. The membrane is fished with a TiO» (100) rutile single crystal substrate directly in
the solution, allowing the formation of GNBs.

Moreover, two dry samples are prepared with drop casting method, one with a drop of PB

on TiO> single crystal and one on Cu in order to analyze the role of water.

4.3.2 Photoreduction of Prussian Blue inside graphene nanobubbles

X-ray measurements have been performed at the CNR BACH beamline at Elettra
Sincrotrone in Trieste. To be sure of the presence of the aqueous solution inside the GNBs,
we measured XPS Ols spectra detected at 594 eV in binding energy. The spectra are taken

before the UV irradiation and after 45 minutes of irradiation and are shown in Fig. 4.11:
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Fig. 4.11: XPS Ols spectra of GNBs obtained before the UV irradiation (black curve) and

after 45 minutes of irradiation (red curve).

As previously reported for the GNBs filled with FeCl; solution and in chapter 3, the O 1s
peaks can be deconvoluted in four components. The component at 533.5 eV is related to

liquid water and do not change after UV irradiation, demonstrating the sealing of the cell.



The component at 531.9 eV can be associated to the graphene contaminations CO-OH, due
to atmospheric contamination or polymer residuals, present in both spectra. The component
at 531 eV can be related to hydroxyl radicals (OH) at the TiO> surface and finally, the
component at 530.1 eV is related to bulk TiOg; this latter is very low due to the dense media
interposed between the TiO; substrate and the graphene.

XPS Cls spectra before and after 45 minutes of irradiation are taken to check the graphene

condition. The obtained spectra are shown in Fig. 4.12:
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Fig. 4.12: Cl1s XPS spectra of GNBs before (black curve) and after 45 minutes of UV

irradiation at 395 eV (red curve).

Fig. 4.12 shows that the UV irradiation do not change graphene components. Before and
after irradiation, C 1s spectra present a pronounced sp> component at 284.6 eV, associated
to high quality graphene, a sp® component at 285.3 eV associate to defects in the lattice and
grain boundaries and C-OH and O-C=0O components at 286.5 eV and 288.e eV due to
atmospheric contamination and polymer residuals. The irradiation does not introduce
additional defects or damage into the graphene; indeed, a little decrease of the O-C=0
components are visible, indicating a cleaning effect of the UV laser [28].

PB photoreduction was examined by XAS at the Fe L3> edge measured in TEY through the
graphene membrane. Spectra are measured at different intervals of times: before the

irradiation (black spectrum), after 20 minutes of irradiation (green spectrum), after 40
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minutes of irradiation (blue spectrum) and after 70 minutes of irradiation (red spectrum).

The spectra are shown in Fig. 4.13:
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Fig. 4.13: XAS spectra of Fe L3 edge measured: before the irradiation (black), after 20
minutes of irradiation (green), after 40 minutes of irradiation (blue) and after 70 minutes of
irradiation (red). The inset show typical XAS spectra of PW (black curve) [29] and PB
(blue curve) [30].

Before irradiation, Fe XAS spectrum has the typical shape of PB [30]. Upon 20 minutes of
UV irradiation the XAS spectrum shows a change in the direction of a configuration typical
of reduced Fe species [29]: PB (Fe"-CN-Fe'") evolves to PW (Fe!'-CN-Fe'"), as shown by
the increase of the peaks at 708 eV and 721 eV as indicated. A typical XAS spectra of PW
1s taken from the reference [29] and shown in the inset for comparison. These results indicate
that the reduction takes place and continues under the UV exposition.

To affirm that the reduction is due to the UV irradiation, we need to exclude the x-rays
contribution. I prepared a new fresh sample of GNBs on TiO: filled with PB, following the
same protocol of the previous one. The sample was exposed only to the x-ray beam for 45
minutes without the laser irradiation. The obtained XAS Fe L3> edge spectrum is compared

with the one obtained under 45 minutes of UV irradiation with the x-ray beam switched off.



The only contribution due to x-rays is during the measurements, but the exposition time is

reduced to the time of measurement (5 minutes). The results are shown in Fig. 4.14.
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Fig. 4.14: XAS Fe L3 edge spectra obtained on GNBs filled with PB and exposed for 45

minutes to x-rays (bottom spectra) and for 45 minutes to UV irradiation (upper spectra).

The black and red spectra are measured before and after the irradiation, respectively.

As visible in Fig. 4.14, after 45 minutes of UV irradiation the peaks at 708 eV and at 721 eV
start to increase approaching to the shape reported for the PW (as described before). This
indicate that the Fe reduction starts. In case of x-ray irradiation, no evident change in the Fe
L3> edge are visible after 45 minutes of exposition, confirming that the main factor
responsibly of the reduction is the UV light.

To prove the requirement of the water environment, we compared the XAS spectra of Fe
L3> on GNBs with a dry sample. The sample is prepared with drop casting method with a
drop of PB on TiO,. The sample are irradiated for 20 minutes, which is a sufficient time for
the observation of Fe reduction (as previously shown in Fig. 4.13). The obtained results are

shown in Fig. 4.15.
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Fig. 4.15: XAS Fe L3 edge spectra obtained after 20 minutes of UV exposition on: GNBs
on TiO filled with PB (bottom spectra), PB drop cast on TiO; (upper spectra). The black

and red spectra are measured before and after the irradiation, respectively.

GNBs on TiO; shown Fe reduction after UV irradiation. On the contrary, with a drop cast
on TiO; any reduction occurs, suggesting that the water environment is necessary for the
chemical reduction and that the GNB approach could ensure this condition.

The obtained results are confirmed by Raman measurements. Raman spectra are acquired
using 100x objective (0.8NA) and a wavelength of 532 nm. All the spectra are acquired by
scanning the sample in 20x20 pm? area. Fig. 4.16 shows Raman spectra of a fresh sample of
GNBs (black spectrum) and after 15 hours of exposition to UV light (laser at 395 nm, 15
mW of power) (red spectrum). The spectra are compared with PB on glass, which can be
used as a reference of a dry sample, since glass substrate does not show Raman peaks in that

range.
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Fig. 4.16: Raman spectra of dry PB on glass (blue spectrum), fresh prepared GNBs on
TiO2 (black spectrum) and GNBs after 15 hours of UV exposition (red spectrum).

The dry sample shows feature very different from the GNBs. The peak at 2160 cm™! is
referred to the Fe-C=N-Fe!' A, (symmetric) stretching mode of PB [31] and is dominant
for all spectra. In GNBs spectra, graphene peaks are marked by red arrows. The ratio of
2D/G intensities i1s about 1.5 which is typical if the signal acquired from a large area [32].
Graphene G and 2D peaks are shown in Fig. 4.17a and b, respectively. Graphene properties
remain the same after UV illumination and no defects are introduced within exposure time.
Fig. 4.17c shows the C=N stretching mode of PB and depends on the iron cation valence

state and coordination environment [33] and is a good indicator of iron oxidation.
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Fig. 4.17: Raman spectra of: a) graphene G peak and b) graphene 2D peak; ¢) C=N
stretching mode of PB.

Fig. 4.17¢ is referred to the Fe"-C=N-Fe'' A, stretching mode of PB [31]. The weak peak
around 2090 cm™ is the E; mode (asymmetric) of the Fe-C=N-Fe'" stretching vibration
[33]. On PB on glass (blue spectrum) this mode downshift by 2-3 cm!. This shift can be
explained by a sample drying since the Az mode for dried PB on glass is observed at 2160
cm’!. It may be estimated that the presence of water or OH™ ions play an important role in
the frequency shift of A, stretching mode. The intensity of 2090 cm™ peak remains
unchanged with UV illumination. Finally, the relative intensity of C=N stretching mode
when surrounded by Fe!' (2127 cm™ peak) [33] grows after UV illumination (red spectrum)

proving that the higher iron oxidation state of the iron cations is observed.



The reported studies confirmed that GNBs can be used to monitor in situ properties and
dynamics of liquids for different techniques, including analysis in UHV conditions. Since
we actually used the GNBs as a liquid sealed cells for in situ analysis without transferring
the sample to a different experimental system, this configuration should be used also to
follow the process also during the reactions, opening the way to use GNBs for in operando

studies which can be applied at different fields such as chemistry or biology.
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Chapter 5

5.1 Graphene nanostructures as neuronal interfaces

Tissue engineering is an emerging strategy to repair and regenerate tissues and organs. One
of the mainstream approaches to perform tissue regenerations is based on the use of
substrates which mimic the cellular microenvironment and provide physico-chemical cues
to enable cell attachment, proliferation, and differentiation. In particular, in the last decades,
social and cost implications of neuronal diseases are increasing and this are leading to a big
interest in evaluating the possibility to restore, at least partially, the functions of central or
peripheral nervous system compromised after an injury or a neuro-associated disease. In this
field, a new-generation of devices must have the ability to interact actively with the newly
formed tissue. In fact, the possibility to stimulate cells composing an artificial tissue or to
record cells signals could open to new therapeutic approaches to treat neurological
disabilities [1].

A neuronal interface with nanoscale components could represent the ideal choice to interface
the complex structural features of neuronal tissue, because many elements of neurons, glial
cells, and extracellular matrix (ECM) are characterized by nanoscale dimensions. Moreover,
the unique intrinsic properties of nanomaterials offer a great promise for seamlessly
integration of neuro-devices with neural tissue simulating the morphological features (and
functions) of real cells and ECM [2]. Electrically active nanomaterials such as carbon
nanotubes (CNTs) [3], silicon nanowires [4], gallium phosphide nanowires [5], and
conducting polymer nanotubes [6] have been already interfaced with central and peripheral
nervous systems demonstrating the feasibility of such approach and even peculiar
advantages respect to conventional materials. For instance, CNT-based scaffolds have been
found to promote growth, differentiation, and survival of neurons and to improve their
electrophysiological properties in terms of firing frequency and degree of synchronization
[7]. Recently, single layer graphene, due to its extraordinary properties such as high

electrical conductivity, large surface area, flexibility, and excellent cytocompatibility, is



attracting great interest as biocompatible material for neuronal interfaces. It was shown that
CVD grown graphene can act as a possible platform for neuronal growth [8] and primary
hippocampal neurons from mouse can grow on bare graphene for up to 5 days, improving
significantly cellular adhesion and processes outgrowth in early stages of network formation
(1+2 days in vitro — DIV) [9]. Interestingly, in the same work, neurons cultured on defective
graphene sheets showed only limited neuronal attachment and growth, while highly ordered
and crystalline graphene sheets allowed the development of cells. These observations
suggest that high-quality graphene, characterized by high crystallinity and low lattice
defectivity, plays an extremely important role in neuronal attachment, outgrowth, and axonal
specification. Starting from these assumptions, graphene-based devices could open a route
for the development of a new generation of flexible and high-sensitive bio-scaffold and
neural prostheses [10].

In this Chapter, our preliminary results confirm that high quality graphene can be
successfully used to interface neuronal cells and, more interestingly, can also control their

electrical properties.

5.2 Growth of neuronal cells on supported and suspended graphene

Inspired by the current results, we decide to study, for the first time in literature, the electrical
activity of neuronal networks developed on single layer graphene. As well-known from
literature, suspended graphene membranes are characterized by an electron mobility two
order of magnitude higher than graphene transferred on a substrate (~200000 cm?V-!s’!
respect to ~28000 cm?V's™! for unsuspended graphene transferred on Si/SiO,) [11]. This is
mainly due to the strong interaction of graphene with the underlying substrate which could
lead to surface charge traps formation [12], substrate induced ripples and/or formation of
interfacial phonons [13]. The electrical properties of the substrate could represent the main
perturbation factor of neuronal electrical activity. For this reason, we started a collaboration
with the neurobiology sector of the International School of Advanced Study (S.I.S.S.A) in
Trieste, in order to study the morphological and the electrophysiological (passive and active
properties) characteristics of neuronal networks on both supported and suspended graphene.

At the best of our knowledges, there are no studies about the development and the
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electrophysiological activity of primary neurons on graphene and, in particular, on

suspended graphene membranes.

5.2.1 Fabrication of the substrates

In order to have a biocompatible and transparent substrate, [ used OrmoComp® (micro resist
technology, GmbH) which is an imprintable, non-toxic, UV-curable polymer and is
transparent from near UV (350 nm) to VIS (800 nm) covering so all the spectrum of visible
light.

I prepared two different kind of samples, one with a flat OrmoComp surface (to produce
supported graphene), and the second with a patterned OrmoComp surface (to produce
suspended graphene). I started from a silicon master which has patterned relief structures on
its surface and subsequently a poly-dimethylsiloxane (PDMS) stamp is prepared with replica
molding process. A PDMS mould is preferred rather than the silicon master because allows
multiple copies without damaging the original and can be use in mass production.

Two masters have been prepared, one flat and one patterned with an array of grooves. In
detail, to produce the silicon masters, MEGAPOSIT® SPR 220 1.2 photoresist is patterned
on silicon with lines of width and periodicity of 10 pm and 20 um, respectively. The pattern
is transferred to the silicon wafer by ICP-RIE, with a deep of 10 um using BOSCH® like

process (gases: SFs, C4Fs, Ar), and a final O> plasma to remove the resist mask.
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Cover a surface with
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weight), degassed in a desiccator and finally cured cured at 85 °C overnight. The OrmoComp
substrates have been prepared on circular glasses (5 mm of diameter, 0.12 mm thick),
cleaned previously in Piranha solution (H2SO4:H»0O; 5:5 ratio in volume). A drop of
OrmoComp is droplet on the glass and pressed with the PDMS stamp in order to transfer the
micropattern. Finally, the OrmoComp is cured with UV light and the PDMS stamp is
released. A SEM image of the obtained patterned OrmoComp substrate on glass is shown in

Fig. 5.1.

)

Fig. 5.1: SEM image of the OrmoComp substrate patterned with an array of lines with
width and periodicity of 10 um and 20 pum, respectively.

Commercially available CVD graphene on Cu [14] is used following the protocol previously
described in Chapter 2. Briefly, a sacrificial layer 250 nm-thick of mr-I 7020 is spin coated
on the graphene/Cu and the polymer/graphene/Cu membrane is placed in the Cu etching
solution. After the etching process, graphene is rinsed in DI water and the transfer is
performed fishing graphene into the water directly on the OrmoComp substrate. Water is left
to evaporate at room temperature for 2 h, and mr-I 7020 is dissolved in cold acetone for 5
minutes. In case of suspended graphene, CPD process is performed in order to avoid the
collapse of the suspended structures. A summary scheme of the process for the two sets of

samples is shown in Fig. 5.2.
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Fig. 5.2: scheme of the fabrication process used for the flat graphene samples (on the left)

and the suspended graphene samples (on the right).

5.2.2 Neuronal cultures

Neuronal cultures and electrophysiological experiments were performed in S.I.S.S.A.
NeuroNano Laboratory. Primary neuronal cells were obtained from rat hippocampi.
Dissociated hippocampal cultures were prepared according to Malgaroli and Tsien method
[15] with slight modification [16]. Briefly, after the decapitation of Wistar neonatal (P2/P3)
rats (in accordance with regulations of the Italian Animal Welfare Act and approved by the

local Authority Veterinary Service), hippocampi were isolated from the rest of the brain



and upon enzymatic treatment neurons were dissociated by pipetting. Before using for
culturing, all the OrmoComp/graphene substrates were mounted on glass coverslips
(12x24 mm?, 0.13+0.16 mm thick, Kindler, EU) using a thin adhesive layer of PDMS
cured at 120 °C for 1 hour. Coverslips were placed in small Petri dishes and culture in
serum-containing medium in a 5% COz-humified incubator for 9+10 days. Finally, cells
were plated on three replica of substrates for each condition: bare glass used for control
(ctrl), supported graphene on flat OrmoComp and suspended graphene on patterned
OrmoComp. Before cell plating all the samples were sterilised in UV for 20 minutes and

covered by a thin layer of poly-L-ornithine.

5.2.3 Morphology of neuronal cells on different substrates: SEM characterization

A first information of the developed neuronal networks can be obtained by SEM
characterization. After glutaraldehyde fixation in cacodylate buffer, performed following the
protocol described by Bosi et al. [17], cultures are dehydrated dipping the sample in
water/ethanol solutions at progressively higher alcohol concentrations (50%, 75%, 95%,
98% and 100% ethanol for 5 minutes each at room temperature). Finally, samples are
metallized via sputter-coater with Pt: Au =5 nm:5 nm in order to make the sample conductive
to electrons. Fig. 5.3 shows SEM images of the cells which were obtained on the different
substrates. In particular, large-area images on the left show a portion of the resulting neuronal
networks (glass controls in Fig.5.3a, supported graphene in Fig. 5.3c, and suspended
graphene in Fig. 5.3¢); small-area images on the right pointed out the morphology of the
individual cells composing the network (glass control in Fig. 5.3b, supported graphene in

Fig. 5.3d and suspended graphene in Fig. 5.3f).
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Fig. 5.3: SEM images of networks of primary neurons from rat hippocampus developed on
three different substrates: control glass (a and b), supported graphene (¢ and d) and
suspended graphene (e and f). On the left low magnification images pointing out cellular
network structure; on the right high magnification images revealing the morphology of the

single cells composing the network.

SEM images reveal that cells grown on glass control and on supported graphene substrates
show similar network morphologies. From the high magnification images, it is possible to
distinguish the protruding, globular shape of neuronal cell bodies, marked with asterisks,

and the flat, circular shape, of glial cells nucleus, marked with hash marks. ECM is visible



in both samples, but in areas where its amount is limited it is possible to visualize individual
cells distinguishing between their phenotype based on cell-body morphology. Cells grown
on suspended graphene are more difficult to individually visualize, mainly due to the
presence of a higher amount of ECM covering all the cells present on the surface. For this
reason, is not possible to univocally distinguish cells between neurons or glial cells basing
only to cell body shape. Moreover, cell bodies appear smaller in size when compared with
cells grown on both controls and supported graphene.

Finally, the presence of some breaks and rips on the suspended structure can be noticed (Fig.
5.31); these breaks are absent on pristine samples (before cell culturing), and were probably
produced during cell development or during subsequent fixation, dehydration and drying

Processes.

5.2.4 Immunofluorescence experiments

In order to identify cells and to distinguishing neuronal cells, fluorescence microscopy has

been used.

Fluorescence microscopy

Uses the high specificity of antibodies to their antigen to target fluorescent dyes
(fluorophores) to specific biomolecules within a cell, allowing the distribution of the
target molecule in the sample. The specimen is illuminated with light of a specific

wavelength which is absorbed by the fluorophores.

N The radiation collides with the atoms in the specimen and
Eﬁ' electrons are excited to a higher energy level. The spectral
b

emission of the fluorophore is matched by a filter which allows

filters

to image the distribution of a single fluorophore (color) at a time.

Multi-color images of several types of fluorophores must be

| composed by combining several single-color images.

bearnsplitting
rirror
speciman

To proceed with immunofluorescence, dissociated hippocampal cultures were fixed using a

solution of 4% paraphormaldehyde in phosphate buffered saline and subsequently stained
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follow the protocol described by Bosi et al. [17]. Upon staining, cultures were imaged using
a confocal microscope (DM6000 Leica Microsystems GmbH, Wetzlar, Germany) and
analysed using the open-source software Fiji (ImagelJ). Samples were investigated using a
20x magnification air-working objective (NA=0.75) and serial confocal planes (z-stack)
were acquired every 500 nm across the entire sample surface (n = 80 z-stacks
maximum). The cultures were displayed using B-tubulin III positive cells (in red, pointing
out neuronal cell phenotype) and glial fibrillary acidic protein (GFAP) positive ones (in
green, pointing out, instead, glial cell phenotype). On all the samples cellular nuclei were
visualized by DAPI (in blue). An example of such analysis is reported in Fig. 5.4 showing
morphology of cells developed on a supported graphene substrate.

Fig. 5.4: confocal fluorescence image of dissociated cells from rat hippocampus after 9
DIV of in-vitro culturing above a supported graphene substrate. Neurons were marked in
red pointing out neuronal-specific cytoskeletal protein B-tubulin III, while glial cells were
highlighted taking advantage of the glial cell specific intermediate-filaments protein glial

fibrillary acidic protein (GFAP in green). Nuclei of all cells were marked using 4',6-
diamidino-2-phenylindole (DAPI), a fluorescent stain that binds strongly to A-T rich

regions in DNA and extensively used in fluorescence microscopy for cell counting.

The fluorescence image of Fig. 5.4 shows a continuous cells network on supported graphene,

formed by neurons and glial cells, confirming the SEM image of Fig. 5.3c. As highlighted



also from SEM images of Fig. 5.4a and c, neuronal networks developed above control glass
and supported graphene are characterized by comparable cellular and network morphologies.
To have information also on the cells developed on suspended graphene, the 3D confocal

fluorescence reconstruction has been performed and the results are shown in Fig. 5.5.

Neuronal cells are indicating in red (B-Tubulin III), glial cells in green (GFAP), and nuclei
in blue (DAPI).

Side view

— =10 um

Fig. 5.5: top-left, 3D confocal fluorescence reconstruction of hippocampal cells from rat on
suspended graphene. In red neuronal cells (B-Tubulin III), in green glial cells (GFAP),
nuclei in blue (DAPI). Top-right, SEM image of cells grown on suspended graphene.

Bottom, a representative cross section of the confocal reconstruction above pointing out
the localization of all neuronal cells (in red) above a plane (the monoatomic layer of
graphene) situated at the top of underneath OrmoComp stripes. Green signal which come

from the substrate itself is imputable to OrmoComp auto-fluorescence.

As pointed out by the side-view in the lower part of Fig. 5.5, neuronal cells appear suspended
above the OrmoComp stripes, probably due to the presence of the suspended layer of
graphene. This supposition is validated as well by the SEM image in Fig. 5.5, right, were
cells appear all coplanar, and any inter-row invagination is present. Interestingly,

OrmoComp substrate exhibits a strong fluorescence in the green channel, an unintentional
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property that make possible a direct confocal reconstruction of the underlying patterned
substrate.

Despite the fact that cell densities on all the three substrates are comparable, neurons on
suspended graphene show a preferential orientation along the underneath parallel linear
grooves. This is an unexpected behavior, if we consider that the grooves are not directly
accessible to the cells but rather masked by the graphene layer. This result may be due to the
differential stiffness of the substrate between the regions where graphene is suspended
(flexible) and the regions where graphene is supported on OrmoComp stripes (rigid).

Fig. 5.6a shows a 3D confocal fluorescence image of the border between the OrmoComp
stripes and the glass control. The patterned region is the only area on which graphene is

present. Cells are arranged on both the surfaces.

Fig. 5.6: a) left, 3D confocal fluorescence reconstruction of hippocampal cells from rat on
the boundary between the flat glass area of the sample (left-part) and the patterned area
with suspended graphene (right-part). In red neuronal cells (B-Tubulin III), in green glial
cells (GFAP), nuclei in blue (DAPI). Right, SEM image of cells grown on a similar region
of the sample. b) a 3D perspective representation of the confocal image which shows again
that the resulting neuronal network extends from the graphene (on the patterned substrate)
region to the flat region so forming a continuous. Green signal coming from the pattern

itself is imputable to OrmoComp auto-fluorescence.



Fig. 5.6 shows a cellular network which continue from the OrmoComp patterned region
to the flat glass surface; this aspect is visible in the confocal 3D reconstruction (Fig. 5.6a
left), which shows both neurons and glial cells, and in the SEM image (Fig. 5.6a right),
showing presence of cells on both sides of sample. The aligned network of neuronal cells
on the suspended graphene region gradually transforms in a more spread morphology on the
flat glass surface, as shown also by the 3D prospective in Fig. 5.6b, confirming the results

observed in Fig. 5.5.

5.2.5 Electrophysiology

For all electrophysiological characterization the patch clamp technique has been used [18].
Electrophysiological experiments were performed using protocols describe by Lovat ef al.
[16]. The cellular electrical activity is obtained recording the ionic currents flowing through
ionic channels at the plasma membrane of the excitable cell. Briefly, a patch of neuronal cell
membrane is isolated by a sealed glass capillary with a diameter tip of about 1 pm. A gentle
suction is applied, in order to remove the membrane interposed between cell cytosol and the
inner solution of the pipette. Consequently, a tight junction is originated between the two
electrolytic environments. A silver/silver-chloride reversible electrode is placed into the
capillary in order to have the electrode in contact with the inner environment of the cell
through the “giga-ohm” pipette-membrane junction; in this way it is possible to record the
cellular electrical activity. The measurements are performed holding the membrane potential
to the desired value (voltage clamp-mode) [19]. Patch-clamp recordings were analysed
subsequently by the AxographX and Clampfit 10.4 (Molecular Devices) software.

The experiments are focused mainly on the evaluation of cells passive properties (resistance
and capacitance) and network electrical activity (spontaneous post-synaptic currents
amplitude and frequency). Cell resistance and capacitance give an indication of the health
state of cell’s membrane and an estimation of cell dimension, respectively. Spontaneous
post-synaptic currents (sSPSC) amplitude may be correlated to a higher efficiency of post-
synaptic neurons to be polarised by the pre-synaptic neuron or to a higher level of
synchronisation in network activity. Instead, sSPSC frequency could be directly correlated, in

first approximation, to the number of synapses present in the network.
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. The results of electrophysiological characterisations done on neuronal cultures grown on
glass controls (CTRL), on supported graphene (FLAT) and on suspended graphene (SUSP)

are shown in Fig. 5.7.
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Fig. 5.7: electrophysiological characterization of neuronal networks; a) neuronal cells
passive properties (cell capacitance in dark gray, and cell resistance in light gray) for
neuronal networks developed on control glass substrates (CTRL), on supported graphene
(FLAT) and on suspended graphene (SUSP); b) spontaneous post synaptic currents
amplitudes; c) frequencies for neuronal networks developed on the same three substrates.

All data represented as normal distributions (mean+SD).

The passive properties for neurons on all the three substrates (Fig. 5.7a) show a cell
resistance of 7074304 MQ, 7124414 MQ and 718+362 MQ for CTRL, FLAT and SUSP
respectively, and a cell capacitance: 85+27 pF, 86+32 pF and 79429 pF, for CTRL, FLAT

and SUSP, respectively. These results are very close to each other, indicating that neurons



on graphene substrates are characterised by healthy membranes as on controls and, from the
other hand, that neurons have similar dimensions on all the three substrates.

The analysis of spontaneous post-synaptic currents amplitudes (Fig. 5.7b) points out similar
values for neurons grown on control glass and on supported graphene (35.9+3.5 pA and 41.1
+ 3.4 pA, respectively), while cells developed on suspended graphene show slightly higher
values (59.2+5.8 pA). Regarding, instead, spontaneous post-synaptic currents frequencies
(Fig. 5.7¢), a rising trend is evident in the values characterising glass controls, supported
graphene and suspended graphene (1.72+0.26 Hz, 3.11+0.35 Hz, and 4.224+0.35 Hz,
respectively). These last results suggested that graphene itself is able to boost synaptic
activity of neuronal networks developed above it but, more interestingly, suspended
graphene seems more prone to accentuate this effect.

The morphological studies based on electro-microscopy and cell passive properties
determined by electrophysiological analysis indicate that graphene substrates are usable in
the development of healthy and functional networks, in a way comparable to glass controls.
This is a good indication of the fact that graphene can provide a direct interface to living
cells and tissues. Moreover, the functional studies performed via patch-clamping technique,
indicate that graphene can increase the electrical activity of cells. This result appears
particularly pronounced for suspended graphene respect to supported graphene. This first
results suggest that suspended graphene could be used for the design of nano-bio hybrid
systems able to govern cell-specific behaviors in cultured neuronal networks. This would
pave the way to the development of a new generation of neuronal interfaces able to interact,

actively, with real nerves or brain tissue for nano-bio-medical applications.

135



References

[1] Hatsopoulos, N.G., Donoghue, J.P. The science of neural interface systems (2009)
Annual Review of Neuroscience, 32, pp. 249-266.

[2] Silva, G.A. Neuroscience nanotechnology: Progress, opportunities and challenges (2006)
Nature Reviews Neuroscience, 7 (1), pp. 65-74.

[3] Keefer, E.W., Botterman, B.R., Romero, M.I., Rossi, A.F., Gross, G.W. Carbon
nanotube coating improves neuronal recordings (2008) Nature Nanotechnology, 3 (7),
pp. 434-439.

[4] Patolsky, F., Timko, B.P., Yu, G., Fang, Y., Greytak, A.B., Zheng, G., Lieber, C.M.
Detection, stimulation, and inhibition of neuronal signals with high-density nanowire
transistor arrays (2006) Science, 313 (5790), pp. 1100-1104.

[5] Suyatin, D.B., Wallman, L., Thelin, J., Prinz, C.N., Jorntell, H., Samuelson, L.,
Montelius, L., Schouenborg, J. Nanowire-Based Electrode for Acute In Vivo Neural
Recordings in the Brain (2013) PLoS ONE, 8 (2), art. no. €56673.

[6] Abidian, M.R., Martin, D.C. Experimental and theoretical characterization of
implantable neural microelectrodes modified with conducting polymer nanotubes
(2008) Biomaterials, 29 (9), pp. 1273-1283.

[7] Cellot, G., Cilia, E., Cipollone, S., Rancic, V., Sucapane, A., Giordani, S., Gambazzi, L.,
Markram, H., Grandolfo, M., Scaini, D., Gelain, F., Casalis, L., Prato, M., Giugliano,
M., Ballerini, L. Carbon nanotubes might improve neuronal performance by favouring
electrical shortcuts (2009) Nature Nanotechnology, 4 (2), pp. 126-133.

[8] Bendali, A., Hess, L.H., Seifert, M., Forster, V., Stephan, A.-F., Garrido, J.A., Picaud, S.
Purified Neurons can Survive on Peptide-Free Graphene Layers (2013) Advanced
Healthcare Materials, 2 (7), pp. 929-933.

[9] Li, N., Zhang, X., Song, Q., Su, R., Zhang, Q., Kong, T., Liu, L., Jin, G., Tang, M.,
Cheng, G. The promotion of neurite sprouting and outgrowth of mouse hippocampal
cells in culture by graphene substrates (2011) Biomaterials, 32 (35), pp. 9374-9382.

[10] Sahni, D., Jea, A., Mata, J.A., Marcano, D.C., Sivaganesan, A., Berlin, J.M., Tatsui,
C.E., Sun, Z., Luerssen, T.G., Meng, S., Kent, T.A., Tour, J.M. Biocompatibility of
pristine graphene for neuronal interface: Laboratory investigation (2013) Journal of

Neurosurgery: Pediatrics, 11 (5), pp. 575-583.



[11] Bolotin, K.I., Sikes, K.J., Jiang, Z., Klima, M., Fudenberg, G., Hone, J., Kim, P.,
Stormer, H.L. Ultrahigh electron mobility in suspended graphene (2008) Solid State
Communications, 146 (9-10), pp. 351-355.

[12] Hwang, E.H., Adam, S., Sarma, S.D. Carrier transport in two-dimensional graphene
layers (2007) Physical Review Letters, 98 (18), art. no. 186806.

[13] Ishigami, M., Chen, J.H., Cullen, W.G., Fuhrer, M.S., Williams, E.D. Atomic structure
of graphene on Si0> (2007) Nano Letters, 7 (6), pp. 1643-1648.

[14] www.graphenea.com

[15] Malgaroli, A., Tsien, R.-W. Glutamate-induced long-term potentiation of the frequency
of miniature synaptic currents in cultured hippocampal neurons (1992) Nature, 357
(6374), pp. 134-139.

[16] Lovat, V., Pantarotto, D., Lagostena, L., Cacciari, B., Grandolfo, M., Righi, M.,
Spalluto, G., Prato, M., Ballerini, L. Carbon nanotube substrates boost neuronal
electrical signaling (2005) Nano Letters, 5 (6), pp. 1107-1110.

[17] Bosi, S., Rauti, R., Laishram, J., Turco, A., Lonardoni, D., Nieus, T., Prato, M., Scaini,
D., Ballerini, L. From 2D to 3D: Novel nanostructured scaffolds to investigate
signalling in reconstructed neuronal networks (2015) Scientific Reports, 5, art. no.
9562.

[18] Neher, E., Sakmann, B. Single-channel currents recorded from membrane of

denervated frog muscle fibres (1976) Nature, 260 (5554), pp. 799-802.

[19] Cole K.S., Moore J.W. lonic current measurements in the squid giant axon membrane

(1960). Journal of General Physiology, 44. 123-67.

137






Conclusions and Outlook

In this thesis, I exploited several single layer graphene transfer protocols that I developed
for applications in different research area, in particular chemistry and neurobiology. A brief
description of graphene proprieties, which are at the base of its use, was presented in the first
part of the thesis. The most used synthesis methods are described, followed by the existent
transfer methods which are reported in literature. Graphene grown by CVD is largely used
and its transfer from the metallic growth substrates to the final device surface is still an open
issue, in spite of its wide application. In fact, the residual associate to PMMA removal, which
is the most common polymer used to support graphene during the transfer, are very hard to
eliminate, despite the adopted thermal treatments which are necessary at the end of the
procedure. For this reason, in the first stage of my experimental activity, I addressed in
particular graphene cleanness, and I developed a novel transfer method which does not
involve the use of any polymer. Instead of PMMA, a thin layer of titanium is used as
graphene support, then removed in HF solution after graphene transfer. This method was
compared with the transfer obtained using a thin layer of mr-I 7020, which is a common
polymer used for nanoimprint lithography. I observed that mr-I 7020 is easier to remove
respect to PMMA and I decided to compare the best polymer performance with the novel
method. The results are showed in the Chapter 2 and demonstrate that the titanium transfer
is a cleaner approach respect to the polymer one. XPS and Raman spectroscopy showed a
cleaner graphene, with less contaminants and that preserve its high-quality after the transfer.
XAS measurements showed a very low quantity of titanium after its removal (2.3x10'?
atoms/cm?), confirming the success of the new transfer method.

In the Chapter 3, the study was focused on transferred graphene applications. Because
graphene is transparent to electrons, it can be used as membrane for electron microscopy or
x-rays analysis. In the last years, the researchers’ attention is moving to the use of graphene
as transparent membrane for liquid studies. This goal was achieved with the use of graphene
oxide and multilayer graphene, but there were very few works which showed the use of
single-layer graphene. Graphene monolayer is prone to break and is very difficult to realize

membranes or cells avoiding defects or breaks. The Chapter 3 presented graphene
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nanobubbles (GNBs) filled with water fabricated on a TiO; substrate; the liquid is trapped
between the graphene single-layer and the substrate and the presence of the liquid is
demonstrated by XPS, XAS, AFM and Raman spectroscopy. These measurements
demonstrated that the GNBs can be used as sealed cells for liquid investigation and that can
be applied at different techniques. A thermal annealing allowed us to study the behavior of
the GNBs, which collapse followed by a stronger graphene substrate interaction.

Thanks to the interesting results obtained with the use of GNBs in water, we used the GNB
as a tool to investigate a chemical reaction in situ using electron spectroscopy which usually
require ultra-high vacuum condition and thus cannot be used to follow water-based reactions.
These results are described in the Chapter 4. First, the reduction of iron in a FeCls solution,
which was expected to be promoted by the temperature, was analyzed with XAS and Raman
measurements. Secondly, the reduction of iron in Prussian Blue is obtained with UV
irradiation and analyzed with both XAS and Raman techniques. GNBs allow to follow the
dynamic of both the reaction in situ, demonstrating for the first time the use of GNBs as
sealed cells for the investigation of chemical dynamic processes in ultra-high vacuum
conditions.

The Chapter 5 touches a different yet equally actual field, i.e. the use of graphene for the
growth of neuronal cells. The growth of rat hippocampal cells is not taken for granted,
because primary cells need a biocompatible and clean material on which grow. For the first
time, we analyzed not only the compatibility of single layer graphene with such cells and
cells morphology (already demonstrated in literature), but also the study of electrical
neuronal activity on both supported and suspended graphene, which is something absolutely
new. And interestingly, we observed that the synaptic activity of neuronal networks seems
to increase in case of suspended graphene.

The thesis ends with an appendix which reports on a secondary activity that I carried out
during these years. This activity shares with my main thesis project the lithographic
techniques and the work in cleanroom environments. Thanks to my expertises [ was asked
to help in the developments of those activities, and since I found them either stimulating and
successful I dedicated part of my efforts in that direction. It consisted in the fabrications of
two detectors for the free-electron laser (FEL) beam; one is obtained fabricating holes in
bulk silicon filled with phosphors. This configuration allowed the estimation of the real
focused beam shape and size just observing and counting the number of illuminated pixels
after the FEL irradiation. The second one uses the previous pixeled configuration integrated

with a material which can change its optical properties when hit from the FEL beam. In this



way, monitoring this proprieties changes, it is possible to determine the spatial and temporal
overlapping of FEL and a second beam in pump and probe experiments in just few seconds,
which is very impressive, especially if compared to hours or days needed with the actual
procedures.

Is my opinion that the results presented in this thesis represent an encouraging starting point.
GNBs can be fabricated on different materials controlling substrates hydrophilicity, in order
to have a precise control on the number and size of the bubbles. Bigger bubbles and smaller
incident beams could allow the real analysis of a phenomenon and not an average of GNBs
in a large area. Moreover, the GNBs could be used for the study not only chemical reactions
but also different phenomenon, such as physical processes in liquid phase or at the
solid/liquid interface.

On the other hand, what I obtained with neuronal growth could be the door for a new
generation of neuronal interfaces. The results have to be confirmed by further experiments
that we have already in program, but if the statistic will confirm the obtained, positive trend
we really can develop a new class of brain-tissue interfaces. The next step will be to identify
which parameters effectively increase the neuronal activity and this could be performed with
a characterization of the substrate and with a mechanical and electrical characterization of

the suspended graphene.
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Appendix

This appendix presents two works carried out in the design and microfabrication of detectors
for x-ray free electron laser (FEL) beams. The works derives from a collaboration with
FERMI at Elettra which I had the possibility to carry on during all my PhD period. From
this collaboration, two works which involve the characterization of the FEL beam were
published so far.

In our laboratory at IOM-CNR, I designed and fabricated two detectors which were both
tested on the EIS-TIMEX beamline at Fermi. The first is characterized by an array of
micrometric holes filled with phosphors fabricated in a bulk silicon substrate. We called it
pixeled phosphor detector (PPD). When the beam hit the detector, the cross-talk of the light
between separated pixels is minimized and it is possible to estimate the real size and shape
of the focused FEL beam just observing the number of illuminated pixels. The geometry of
the array (diameter and period of the holes) was studied to obtain the maximum resolution
possible achievable on the beamline.

The second detector is an evolution of the first one. In pump and probe experiments, the
temporal alignment of pump and probe beams is a fundamental requirement to perform
measurements and usually requires very long times (hours or days). An evolution of the PPD
was developed introducing in some areas a material (i.e. Al203) which can change its optical
properties when hit from the FEL beam. In this way, in few seconds the temporal overlaps
of the two lasers can be detected and, in the same time, the characterization given by the
PPD can be obtained. This new detector allows the spatiotemporal overlapping with only
one detector in few seconds. We called it PPD 2.0.

In next sections, the published papers will be presented.
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A new high-performance method for the free-electron laser (FEL) focused beam diagnosis
has been successfully tested at the FERMI FEL in Trieste, Italy. The novel pixelated
phosphor detector (PPD) consists of micrometric pixels produced by classical UV
lithography and dry etching technique, fabricated on a silicon substrate, arranged in a
hexagonal geometry and filled with suitable phosphors. It has been demonstrated that the
overall resolution of the system has increased by reducing the diffusion of the light in the
phosphors. Various types of PPD have been produced and tested, demonstrating a high
resolution in the beam profile and the ability to measure the actual spot size shot-to-shot with
an unprecedented resolution. For these reasons, the proposed detector could become a
reference technique in the FEL diagnosis field.

1. Introduction transverse and longitudinal coherence
(Allaria et al., 2012), spectra (Ayvazyan et
al., 2002) and wavefront properties (Floter
et al., 2010) have been reported. However,
only a few methods have been
satisfactorily employed for the spatial

An essential prerequisite for experimental
research using state-of-the-art free-
electron laser (FEL) light sources is the

proper characterization of the beam R
quality. Actually, the proper diagnosis in profile of the beam characterization, such

the field of pulsed high-power vacuum as: direct imaging at focus, employing

ultraviolet (VUV) and soft X-ray (SXR) YAG scintillators or phosphprs screens
sources is still an open issue. Up to now, (Tiedtke et al., 2009), ablative imprint
several methods for  determining over PMMA or silicon (Chalupsky et al.,
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2007), or wavefront reconstruction by
means of a wavefront sensor in the far
field (Mimura et al.,, 2010). Each
technique presents undeniable features for
specific investigation. However, all of the
techniques are also limited in other aspects
(Chalupsky et al., 2011): indentation
provides the real spot size but is an ex situ
technique and its analysis is very time
consuming, even  though  some
preliminary results show that this method
could be extended in situ (Gerasimova et
al., 2013); in contrast, the wavefront
sensor provides real-time measurements
but it works in a limited wavelength range
and is an expensive technique; the
application of screen scintillators allows
real time in situ imaging of the focused
beam spot, making it one of the most
diffused techniques; unfortunately they
are easily saturated and the collected
signal is degraded by the light spreading
phenomenon of emitted light, affecting the
beam-shape analysis due to distortion of
the collected image.

In the SXR and VUV fields, indirect
digital imaging is needed and it is
commonly obtained by coupling a
scintillator film with a two-dimensional
imaging sensor (CCD or CMOS devices).
The problem in resolution and contrast
derived from light spreading induced the
implementation of a large variety of
different strategies for performance
enhancement: the logical improvement is
the confinement of phosphors in
individual neighbouring pixels reducing
the optical cross-talk. For commercial
screens, increased performance has been
achieved by columnar or needle-like
growth structures of Cs[:Tl through
thermal evaporation; however, their use in
high-resolution imaging is limited for the
not perfect guiding and confinement of
light, resulting in ‘cross-talk’ between
pixels (Nagarkar et al., 1998).

In our pixelated phosphor detector (PPD)
devices, an array of micrometric phosphor
pixels has been obtained by filling
micrometric silicon pores arranged in a
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hexagonal geometry with suitable
phosphor powders. Absorption studies on
silicon (Green & Keevers, 1995) confirm
that, in the visible range, light diffusion is
limited in the micrometre range; for this
reason, bulk silicon seems an excellent
material for our purpose. A similar
approach has already been proposed in the
literature: Svenonius et al. (2009)
fabricated a structured scintillator filled by
melting thallium-doped caesium iodide
into a silicon pore array; the scintillator
has been directly coupled to a CMOS
detector allowing improved spatial
resolution by exploiting the guiding effect
of the Si02/Si pore walls. Cha et al. (2011)
employed evaporated CsI:T1 or Gd,03:Eu
deposited by a screen printing technique
and obtained a similar pixelated screen.
Coupling the device to a lens-coupled
CCD imaging device, they demonstrated
the effectiveness of the microstructured
scintillators for high spatial resolution and
improved contrast imaging.

Starting from similar concepts, we
implemented a  suitable pixelated
phosphors technology for application in
VUV and SXR FEL focused beam
diagnosis. The proposed detector has been
developed by a collaboration of IOM-
CNR and FERMI@Elettra in the Italian
Sincrotrone. The aim of the proposed PPD
is to preserve the advantages of the
scintillators (such as in situ and real-time
detection), increasing their spatial
resolution to achieve a reference technique
for spatial quality diagnosis. In our setup,
the direct coupling of the phosphors
screen with the CCD camera was not
possible due to the limits imposed by the
geometries of the experimental vacuum
chamber. Moreover, due to the high
energy involved, the FEL beam is able to
damage instantly every exposed material.
For these reasons, uncoupled devices have
been preferred: the beam imagining was
achieved through a tele-microscope
coupled with a CCD camera installed in
the exterior of the vacuum chamber.
Another aspect we considered for the



design of our PPD is related to the
requirement of higher resolution, closer to
the beam size, of the order of a few
micrometers; by reducing the pixels size
in the range of a few micrometers or
lower, the focused beam can be traced
through the simple detection of the
illuminated pixel phosphors in each
cavity. At the moment, the focused beam
size can then be determined by simply
considering the pitch of the array and the
lateral dimension of the cavity from where
the light is emitted, which also defines the
limit in the resolution of the system. The
final result is a high-performance detector,
able to measure the shot-to-shot actual
spot size with unprecedented resolution
for a classical phosphor screen. An
interesting improvement of the PPD
detector has been accomplished by coating
the surface of the device with a thin film
of indium tin oxide (ITO) and the first
results obtained are presented in this
article. Moreover, thanks to the simple
design and fabrication process, the system
can be easily modified and improved
following the requirement of the FEL
users.

2. Materials and methods
2.1. PPD fabrication processes

An array of micrometric holes arranged in
a honeycomb geometry is fabricated in a
clean silicon bulk substrate (500 pm thick)
using a classical optical UV lithography
technique. MEGAPOSIT1 SPR 220 1.2
(SHIPLEY) photoresist has  been
patterned with holes with a diameter of 4
um and a distance between the pixels of 6
um, with a total fill factor of active area of
70%. A scheme of the array with its
dimensions is shown in Fig. 1. The single
device is 12 mm 12 mm and the patterned
area is 10 mm 10 mm.

Fig. 1: Scheme of the proposed array of
micrometric holes arranged in a honeycomb
geometry. The lengths are given in pm.

Dry etching in inductively coupled
plasma-reactive ion etching has been
performed exploiting the resist as the
mask in order to transfer the pattern in the
bulk silicon; an inductively coupled
plasma Bosch-like process (Chang et al.,
2005) (gases: SFs, C4Hs, Ar) has been set
in order to obtain a depth of 5 um,
followed by O2 plasma so as to remove the
resist mask. A scanning electron
microscopy (SEM) image of the array of
holes is shown in Fig. 2(a). The deposition
of four different types of commercially
available phosphors (Phosphor
Technology Company) has been achieved;
the list of the powders and their
corresponding characteristics are shown in
Table 1. The process of deposition of the
phosphor powders has been accomplished
by mechanical filling of the holes using a
custom-developed piezoelectric vibrating
plate; the vibration induces the alignment
of the phosphor grains and helps the
powder enter the micrometric holes. The
dry technique allows the uniform and
complete filling of the pores and avoids
the trapping of air bubbles in the presence
of solvent due to the surface tension of the
liquid. A Teflon tip can be used during the
process in order to help with the filling of
the cavities. The excess of phosphor, in
particular the grains with size larger than
the pore size, is removed from the surface
by the doctor blade technique (Yen et al.,
2007) using a thick (1 mm) Teflon foil. As
shown in Fig. 2(b), no significant damage



has been observed on the silicon substrate
after the followed protocol.

Min Max
Yellow,

P20 (Zn,Cd)5:Ag 560 nm 1.2 um 6 pum
green

P43 Gd2025 560 nm Green 1.2pm 6 pum
Blue,

P4s Y3Al5012:Ce 544 nm 1.2pum 6 pum
white

Pa7 Y35i05:Ce, Tb 400 nm Blue 1.2 um 6 pm

Table 1: phosphors deposited and principal
characteristics. All phosphors were purchased
from the Phosphor Technology Company.

Fig.2: SEM images of (a) patterned silicon
substrate and (b) holes filled with P46
phosphors. No significant damage has been
observed on the silicon substrate after the
fabrication process.

A scheme of the process of phosphor
deposition is shown in Fig. 3:

Fig. 3: scheme of the process of phosphor
deposition: (a) sample coated with phosphors
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after the mechanical filling: phosphors are
aligned in the cavities and are also present on
the surface of the sample; (b) removal of
excess phosphor by the doctor blade
technique; (c) final PPD with holes
completely filled with phosphors.

Half of the samples have been processed
in order to coat the PPD surface with a 100
nm-thick film of ITO. The ITO film was
deposited to prevent leakage of the
phosphors powder from the holes and to
limit the absorption of water and
contaminants on the powders. A suitable
magnetron  sputtering process  was
implemented (power: 300 W; pressure:
0.012 mbar; Ar flux: 25 sccm; sample
temperature: 473 K) in order not to
damage the phosphors. A SEM image of
the cross section obtained by a focused ion
beam (FIB) of two pixels filled with P46
phosphors and coated with an ITO layer is
shown in Fig. 4.

Fig. 4: SEM image of the FIB cross section
of two pixels covered with 100 nm of ITO
layer.

The homogeneity of the pixelated device
has been investigated. Fig. 5 shows SEM
images of two PPDs with P46 phosphors
after FEL characterization, in the presence
(Fig. 5a) and in the absence of an ITO film
(Fig. 5b). A larger number of dark pixels
can be observed in the second device.
Higher magnification (insert in Fig. 5b)
reveals a partial filling of the cavities,
probably generated by a leak of
phosphors; in contrast, the ITO-coated
pixels look unaffected, in accordance with
the hypothesis that the ITO coating acts as



a barrier to the leakage of the phosphors
from the silicon cavities.

(a)

(b)

Fig. 5: SEM images of PPD P46 filled after
FEL measurements: (a) with ITO coating; (b)
without ITO coating; the insert in (b) shows a

magnification of the indicated area: partial

filled cavities are visible.

2.2. Experimental setup

The experimental tests were performed at
the EIS-TIMEX beamline
(Masciovecchio et al., 2015) at the FERMI
FEL in Trieste (Zangrando et al., 2014).
The beamline optical design s
characterized by an ellipsoidal focusing
mirror of 1.4 m focal length. Phosphors
fluorescence was detected with a tele-
microscope, the Questar QM 100 long
distance microscope, coupled to a visible
CCD camera: Basler Scout scA640-74gm,
monochromatic, 12-bit depth and dynamic
range of 10.7 bit. The telemicroscope was
placed 350 mm from the PPD at an angle
of about 20° with respect to the direction
of the incoming FEL light. In this
configuration, the resolution is better than
5 mm, the focal depth is a few tens of
micrometers with a field of view about
600 um. A scheme of the experimental
setup is shown in Fig. 6.

Ellipsoidal
Mirror

Fig. 6: scheme of the experimental setup of
the EIS-TIMEX beamline.

The telemicroscope calibration was
performed before each measurement
through the use of a micrometric scale, so
the magnification is taken into account in
every acquisition. A typical calibration
achieved with the current set-up is of the
order of 1000 pixels per pum, which yields
a resolution of 1 um per pixel, near to the
optical resolution dictated by the
telemicroscope itself.

3. Results and discussion

For the first set of measurements a PPD
filled with P46 phosphors was used. For
the present measurement campaign, the
FEL was characterized by a pulse energy
of 7 wJ and the wavelength used was 30.5
nm (40.7 eV). The intensity of the even
harmonics is zero for the in-axis emission,
while the intensity of the third harmonic is
below 1% (Schmiiser et al., 2008). Fig.
7(a) shows a CCD image of the PPD
irradiated by ten shots of the photon beam;
the CCD camera was operated at a frame
rate of 10 Hz, so the integration of ten
shots was achieved by an exposure of 1 s.
Fig. 7(b) shows the same PPD after 10 s of
exposure to the FEL radiation. Indeed,
after 10 s of exposure, pixels lose intensity
due to radiation damage, which causes
ablation both of the substrate and of the
phosphor pixels; studies on the damage
threshold of the phosphors must be made
to understand how many shots the
phosphors are able to withstand. The



direct observation of the light emitted by
the illuminated pixels allows the size of
the central spot to be estimated due to the
fundamental harmonic: knowing the
period of the lattice (6 um), supposing a
single PPD pixel becomes illuminated,
allows us to estimate that the central spot
will be completely included in an area
with a diameter of 8 um maximum. At the
moment, a higher precision in the beam
estimation cannot be provided due to the
PPD resolution which is related to the size
of the pixels and the characteristics of the
telemicroscope.  According to  the
specification, we know that the beam
divergence is 50 prad and the expected
spot size is 44 um FWHM

(Masciovecchio et al., 2015), in agreement
with our measurements. In Figs. 7(c) and
7(d) measurements of ITO-coated PPDs
are shown: it has been observed that the
halo is weaker than in the case of the PPD
without an ITO layer.

Fig. 7: CCD camera image of the PPD with
P46 phosphors hit with a pulse energy of 7 uJ
at 30.5 nm wavelength; (a) integration of 10
FEL shots (1 s of integration) on not coated
PPD; (b) PPD after 10 s of exposure to the
FEL beam; (c) integration of 10 FEL shots (1
s of integration) on PPD ITO coated; (d) PPD
ITO coated after 10 s of exposure to the FEL
beam.

In the second set of measurements, a P47-
phosphors-based PPD has been used. The
experiment was performed on PPD coated
and not coated with ITO. Fig. 8(a) shows
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measurements on a PPD with P47
phosphors without an ITO layer after 1 s
of exposure to the photon beam, and Fig.
8(b) shows a PPD after 10 s of exposure;
Fig. 8(c) shows a PPD with P47 phosphors
ITO coated after 1 s of exposure and Fig.
8(d) shows it after 10 s. Even the use of
P47 allows the measurement of the size of
the central beam spot (the limit in
resolution is again 8 pum). As previously
shown, the layer of ITO leads to a
reduction of the halo.

Fig. 8: CCD camera image of the PPD with
P47 phosphors hit with a pulse energy of 7 uJ
and 30.5 nm wavelength; (a) integration of
10 FEL shots (1 s of integration) on not
coated PPD; (b) PPD after 10 s of exposure
to the FEL beam; (¢) integration of 10 FEL
shots (1 s of integration) on PPD ITO coated;
(d) PPD ITO coated after 10 s of exposure to
the FEL beam.

In order to understand the absorption
effect of the ITO layer, we have performed
a characterization of the UV-Vis
absorption of a film deposited under the
same conditions of the capping layer on
the PPDs. The measurements were carried
out with a UV—Vis spectrometer on a 100
nm-thick ITO film deposited on a glass
slide. The spectrum (Fig. 9) shows that at
the maximum emission wavelength of the
P46 (544 nm) phosphor the transmission
of the ITO is around 90%, while for P47
(400 nm) phosphor it is almost 70%. If the
layer of ITO absorbs part of the radiation
emitted by the phosphor, the halo on P46-



filled PPD should be greater than that of
the P47-filled PPD; because a slight
dimming of the light is observed in the
case of P46, we can conclude that the ITO
cannot act as a filter for the light emitted
by the phosphors. We can assume that the
ITO could filter some components of the
FEL beam, opening up the possibility of
generating a selective filter directly in the
screen detector just by changing the
capping layer. Additional studies on ITO
are essential in order to understand what
harmonics are filtered and the mechanism
of the process.

ITO Transmission

Transmission (%)

Wavelength (nm)

Fig. 9: UV—Vis spectrum of a 100 nm-thick
ITO layer deposited on glass.

The last set of measurements has been
performed to compare frosted P46
phosphor with a P46 phosphors PPD.
Exposures were performed at a pulse
energy of 1 pJ and a wavelength of 17 nm
(energy 72.94 eV); the beam profile
imaging is shown in Fig. 10. The
difference in wavelength with respect to
the previous measurements is due to a
different tune of the machine, yet Fig. 10
suggests that the harmonic content is
preserved. The present measurements
were collected ‘out of focus’, but still
allow us to derive important information
such as the shape of the halo due to the
other harmonics. The imaging with frosted
P46 (Fig. 10a) is affected by the diffusion
of emitted light in the phosphors: from the
result it is impossible to clearly recognize
the outlines of the halo due to higher-order
harmonics. Indeed the PPD (Fig. 10b)
allows us to accurately track the shape of

the beam and to distinguish the
fundamental harmonic from the other
components. After 30 s of exposure to the
beam (Fig. 10c) the radiation damage
became evident, as in the previous
experiments; nevertheless, the spatial
imaging of the beam can still be acquired
and characterized.

3500
3000
2500

2000

Fig. 10: CCD camera images at 1 pJ pulse
energy and 17 nm wavelength of: (a) frosted
P46 phosphor after 1 s of exposure to the
photon beam; measured spot size of
horizontal r.m.s.: 46 pm; vertical r.m.s.: 37
um; (b) PPD P46 filled after 1 s of exposure
to the photon beam; horizontal r.m.s.: 41 um;
vertical r.m.s.: 25 um; (c) PPD P46 filled
after 30 s of exposure to the photon beam,;
horizontal r.m.s.: 46 um; vertical r.m.s.: 28
pm.

4. Conclusions and outlooks

A new beam detector has been produced
and tested. A suitable and up-scalable
fabrication process has produced a cost-
effective and customizable device for FEL
beam diagnosis through indirect imaging.
Our  devices demonstrated  clear
advantages when employed in high-flux
beamlines (such as the EIS-TIMEX
beamline in FERMI@ELETTRA FEL)
that require the precise characterization of
the focal spot to evaluate critical quantities
such as the fluence on the sample. The
PPD has demonstrated to be a powerful
online tool for the beam diagnosis
allowing superior spatial resolution in the



imaging of the beam spot with respect to
the YAG scintillators, remaining, at the
same time, a real-time and in situ
technique. Moreover, the regular structure
will allow the implementation of an
automatic focusing system for CCD
cameras capable of moving the PPD in the
optical axis of the focusing optics and
measuring the spot size counting the
number of the illuminated pixels. Every
limitation owing to an incorrect
visualization of the surface can be easily
corrected due to the well known
periodicity of the PPD surface itself.

We demonstrated that our system can be
easily customized to wuse different
phosphors in order to match the
requirements of FEL wavelengths and
decay time. Future development of the
present work includes the tailoring of the
composition and mixing of the phosphors
deposited into the PPD. Higher resolution
in the spot size measurement can be
reached by changing the size of the holes
(pixels), while by increasing the
periodicity of the lattice it will be possible
to improve the quality of the beam-shape
evaluation.

The present measurement campaign
suggests that the ITO coating could
effectively work as a filter for some
radiation components. A complete and
detailed study of the role of the ITO
coating has to be carried out to fully
determine the spectral response of the
coating itself. We plan to conduct
absorption and transmission studies on the
ITO layers with synchrotron radiation
over a wide range of energy useful for FEL
analysis.

A possible development of this kind of
detector consists of making holes in a
reflecting metal: this will direct all the
phosphor-produced light toward the
surface increasing the efficiency of PPD
itself and making it more sensitive to
weaker beams. For this reason, it could be
possible to extend this imaging technique
to other types of source such as
synchrotron radiation.

151

Acknowledgements

The authors want to thank all colleagues of
FERMI who made this work possible, in
particular all the staff of EIS-TIMEX and
DiProi and the FERMI Commissioning Team.
A sincere thanks also to the Detectors &
Instrumentation laboratory staff and to the
people of Istituto Officina dei Materiali.
Thanks also to B. Marmiroli for help in the
microfabrication. The work has partially
founded by Italian Ministry of Education
MIUR (FIRB RBAPI11ETKA 003).

References

Allaria, E. et al. (2012). Nat. Photon. 6, 699—
704.

Ayvazyan, V. et al. (2002). Phys. Rev. Lett.
88, 104802.

Cha, B. K., Lee, S. J., Muralidharan, P., Kim,
D.K.,Kim, J. Y., Cho, G., Jeon, S. & Huh,
Y. (2011). Nucl. Instrum. Methods Phys.
Res. A, 652,717-720.

Chalupsky, J., Bohacek, P., Hajkova, V., Hau-
Riege, S. P., Heimann, P. A., Juha, L.,
Krzywinski, J., Messerschmidt, M.,
Moeller, S. P., Nagler, B., Rowen, M.,
Schlotter, W. F., Swiggers, M. L. &
Turner, J. J. (2011). Nucl Instrum.
Methods Phys. Res. A, 631, 130—133.

Chalupsky, J. et al. (2007). Opt. Express, 15,
6036-6043.

Chang, C., Wang, Y.-F., Kanamori, Y., Shih,
J.-J., Kawai, Y., Lee, C.-K., Wu, K.-C. &
Esashi, M. (2005). J. Micromech.
Microeng. 15, 580— 585.

Floter, B., Juranic, P., Kapitzki, S., Keitel, B.,
Mann, K., Plo™njes, E., Schifer, B. &
Tiedtke, K. (2010). New J. Phys. 12,
083015.

Gerasimova, N., Dziarzhytski, S., Weigelt, H.,
Chalupsky, J., Hajkova, V., Vysin, L. &
Juha, L. (2013). Rev. Sci. Instrum. 84,
065104.

Green, M. A. & Keevers, M. J. (1995). Prog.
Photovolt. 3, 189-192. Masciovecchio, C.
et al. (2015). J. Synchrotron Rad. 22, 553—
564.

Mimura, H., Handa, S., Kimura, T., Yumoto,
H., Yamakawa, D., Yokoyama, H.,
Matsuyama, S., Inagaki, K., Yamamura,
K., Sano, Y., Tamasaku, K., Nishino, Y.,



Yabashi, M., Ishikawa, T. & Yamauchi, K.
(2010). Nat. Phys. 6, 122—-125.

Nagarkar, V. V., Gupta, T. K., Miller, S. R,
Klugerman, Y., Squillante, M. R. &
Entine, G. (1998). IEEE Trans. Nucl. Sci.
45, 492-496.

Schmiiser, P., Dohlus, M. & Rossbach, J.
(2008). Ultraviolet and Soft X-ray Free-
Electron Lasers: Introduction to Physical
Principles, Experimental Results,
Technological Challenges, Springer Series
Tracts in Modern Physics. Berlin:
Springer.

Svenonius, O., Sahlholm, A., Wiklund, P. &
Linnros, J. (2009). Nucl. Instrum. Methods
Phys. Res. A, 607 138—140.

Tiedtke, K. et al. (2009). New J. Phys. 11,
023029.

Yen, W. M., Shionoya, S. & Yamamoto, H.
(2007). Phosphor Handbook. Boca Raton:
CRC Press/Taylor & Francis.

Zangrando, M., Mahne, N., Raimondi, L. &
Svetina, C. (2014). Optical Technologies
for Extreme Ultraviolet and Soft X-ray
Coherent Sources, Springer Series in
Optical Sciences, Vol. 197, edited by F.
Canova and L. Poletto. Berlin: Springer.



Optics Letters

Toward an integrated device for spatiotemporal
superposition of free-electron lasers and laser pulses

Vol. 41, No. 21/ November 1 2016/ Optics Letters 5090-5093

%
Riccarpo MINCIGRUCCI,l’ ALESSIA MATRUGLIO,2’3 ANDREA CALVI,4 LAura F OGLIA,1 EmiLiaNO
PRINCIPI,1 ALBERTO SLMONCIG,1 FiLirro BENCIVENGA,I STEFANO DALLORTO,5 6.7 ALESSANDRO

GESSINI,1 GABOR KURDI,1 DEIRDRE OLYNICK,5 Scott DHUEY,5 Rupi SERGO,8 Marco LAZZARINO,Z

1 2

CLAuDIO MAsciovECCHIO,” AND SIMONE DAL ZiLio

IElettra Sincrotrone Trieste, Area Science Park Basovizza S.S. 14 Km 163.5, Trieste 34149, Italy. 2IOM
Laboratorio Nazionale TASC, CNR, Area Science Park Basovizza S.S. 14 Km 163.5, Trieste 34149, Italy.
3Graduate School in Nanotechnology, University of Trieste, Piazzale Europa 1, Trieste 34127, Italy.
“Dipartimento di Fisica, Universita degli Studi di Trieste, via A. Valerio 2, 1-34127 Trieste, Italy. Molecular
Foundry, 1 Cyclotron Road, Berkeley, California 94720, USA. ®Department of Micro- and Nanoelectronic
Systems, Institute of Micro and Nanoelectronics, Faculty of Electrical Engineering and Information
Technology, Ilmenau University of Technology, Gustav-Kirchhoff-Strale 1, Ilmenau 98693, Germany.
’Oxford Instruments, 300 Baker Avenue, Suite 150, Concord, Massachusetts 01742, USA. ®*Detector and
Instrumentation Laboratory, Elettra Sincrotrone Trieste, Area Science Park Basovizza S.S. 14 Km 163.5,

Trieste 34149, Italy. * corresponding author.

Free-electron lasers (FELs) currently
represent a step for-ward on time-
resolved investigations on any phase of
matter through pump-probe methods
involving FELs and laser beams. That
class of experiments requires an accurate
spatial and temporal superposition of
pump and probe beams on the sample,
which at present is still a critical
procedure. More efficient approaches are
demanded to quickly achieve the
superposition and synchronization of the
beams. Here, we present what we believe
is a novel technique based on an
integrated  device  allowing  the
simultaneous characterization and the
fast spatial and temporal overlapping of
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the beams, reducing the alignment
procedure from hours to minutes.

Time-resolved investigations have begun
a new era of chemistry and physics,
enabling the monitoring in real time of
the dynamics of chemical reactions and
matter [1]. Generally, in such kinds of
studies, one or more laser pulses acts as
the pump, triggering a particular process
such as ultrafast melting [2,3],
demagnetization dynamics [4,5],
impulsive stimulated scattering [6,7], and
coherent antiStokes Raman scattering [8—
10], to name a few. The particular
dynamics triggered by the pump pulse is
then probed by another laser pulse which,
properly delayed, encodes the temporal



information of the process (e.g., in the
scattered  intensity). The physical
information is thus contained in the
temporal trace of the monitored physical
quantity obtained by varying the pump-
probe delay. A further step in time-
resolved investigations has been achieved
with the advent of free-electron lasers
(FELs), which permitted the addition of
chemical and elemental selectivity to the
above-mentioned studies [11-13]. In
general, any pump-probe study requires
the spatial and temporal superposition of
the pump and probe lasers, which is
realized by exploiting the peculiar
properties of different samples. In
particular, in the FEL-optical laser class
of experiments, the first step is the spatial
superposition of the two beams, which is
usually accomplished using a cerium-
doped yttrium aluminum (Al) garnet
fluorescent screen (YAG:Ce); the FEL-
induced fluorescence is used to define the
FEL position on the sample to which the
optical laser is subsequently super-posed.
We have already presented a novel
pixeled phosphor detector (PPD), which
allows an improvement with respect to
standard YAG as far as FEL diagnostics
is concerned [14]. Once the spatial
superposition has been achieved, the
YAG is substituted with an antenna [15]
coupled with an oscilloscope and used to
roughly align the two pulses in time. This
super-position is conducted looking at the
electrical signals generated by the FEL
and the laser; the relative delay is
adjusted until the rising edges of the two
are overlapped. This procedure is quite
inaccurate, and the delay value can be
determined only with a 30 ps error, a
value that is dictated by the intrinsic
temporal resolution of the common
oscilloscopes. = The  subpicosecond
synchronization requires a much faster
diagnostic, and the finer temporal
superposition is subsequently conducted
using a third sample (e.g., Si3Ns or Al203
crystals) and monitoring the FEL-
induced changes in the visible/IR optical

properties. In insulators and
semiconductors, the main process, which
underlies the optical property changes, is
believed to be a partial depletion of the
valence band, resulting in an induced
absorption [ 16]; the imaginary part “k” of
the refractive index increases, and this
should manifest in a diminished
reflection and/or transmission,
accompanied by a perturbation of the
value of the real part of the refractive
index, which can cause an interferential
demagnification of the transient signal
[17,18]. The overall procedure is
generally time-consuming and highly
complex. Each sample is employed for its
peculiar characteristics, and only for a
specific task of the overall alignment
procedure. This is inefficient and not
robust. First of all, the spatial
superposition has to be preserved during
the temporal alignment steps. This is
commonly obtained by using as a
reference the image of a CCD camera;
after the spatial superposition, the CCD is
put in focus and thus every sub-sequent
sample has to be adjusted in order to
reach the same level of focus. The quality
of the focus is defined by a human user
and is influenced by the quality of the
sample surface, by the illumination, and
by the geometry of the imaging setup. A
second and more substantial problem in
the alignment procedure is represented by
the scarce contrast of the transient signal;
since the FEL spot can be smaller than the
laser spot, the valence band is depleted by
the FEL radiation only in a fraction of the
sample surface. Therefore, a fraction of
the visible laser is reflected or transmitted
by an unexcited sample, giving rise to a
dominant baseline over which to detect
the transient signal. We propose here a
beam monitor designed to increase the
contrast and to speed up the alignment
procedure. The ideal sample should
possess the fluorescence characteristics
of a YAG screen and at the same time be
suitable for the temporal overlapping
procedure with an increased contrast.



This can be obtained, for example, by
embedding some Al>O3 timing zones in a
modified version of the PPD previously
proposed by our group [14]; we call this
enhanced version PPD 2.0. This new
device would permit employing adjacent
portions of the same surface to spatially
(using the phosphors pixels) and
temporally (using the AlOs islands)
superpose the FEL and laser beams. A
simple strategy to drastically increase the
contrast is to operate in transmission
(thus looking for a change in
transmittivity induced by the FEL pulse)
and to create a pinhole around the Al,Os
zones. The pinhole, realized by a
reflective material for the visible/IR laser,
should be smaller or comparable to the
FEL beam size. This permits geo-
metrically blocking the circular crown of
the laser spot that would not interact with
the FEL-excited portion of the ALQOs3,
avoiding the origin of baseline

contribution, as shown in the sketch in
Fig. 1.

Fig. 1. Left part: sketch of usual
superposition between the laser and FEL
spots. The circular crown of the laser spot not
excited by the FEL produces a non-negligible
baseline. Right part: the introduction of a
pinhole equal or smaller than the FEL spot
cuts the unexcited circular crown, increasing
the contrast.

A scheme of the fabrication process of
such a sample is reported in Fig. 2; in
detail, a fused silica wafer (250 pm thick)
is coated with 50 nm thick chromium (Cr)
thin film via e-beam evaporation and with
400 nm of ZEP 520A resist for the
following lithography. The micrometric
honeycomb pattern is achieved by direct
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e-beam lithography (EBL) at 200 kV and
1 nA using a Vistec VB-300 EBL system
[Fig. 2(a)]. Cr wet etching is used for
pattern transfer on a metal mask. For the
transfer in the silica substrate, a plasma
etching process is carried out with a
multiple frequency parallel plate etching
tool with 60 MHz on the top plate and
13.56 MHz on the bottom plate (Oxford
Plasma lab 100 Viper). The periodic
lattice of micrometric pixels is etched
through 4 pum of fused silica with a
mixture of 70 sccm CF4 40% O at 20
mTorr of pressure, 150 W of radio-
frequency power and 400 W VHF
forward power [Fig. 2(b)]. The diameter
and period of holes are 2 um and 4 pm,
respectively, with a total fill factor of an
active area close to 20%. After the
etching step, the surface is covered with a
250-nm-thick  ALOs; deposited by
plasma-enhanced atomic layer deposition
(ALD) at 40°C (Oxford FlexAl) [Fig.
2(c)]. After that, a conformal layer of 100
nm of Al is evaporated on the sample by
the Glancing Angle Deposition (GLAD)
process [Fig. 2(d)]; the metal thin film is
needed to re-duce the cross talk between
the pixels of phosphor and to achieve the
desired pinhole structures where the
visible/IR laser is trans-mitted. The
patterning of the Al layer is performed by
selectively removing the metal layer,
avoiding the damaging of Al,Os; under
the layer by the focused ion beam (FIB)
process [Fig. 2(e)]. The final step is the
deposition of phosphors inside the 2 pm
cavities [Fig. 2(f)]; the process is
described in Ref. [14]. The P20 used
phosphor is commercially available at
Phosphor Technology Company.
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Fig. 2. Scheme of the fabrication process. (a)
EBL on Cr-coated fused silica; (b) dry



etching of fused silica; (¢) ALD of Al,Os3; (d)
GLAD deposition of Al; (e) FIB process; (f)
phosphor deposition.

Scanning electron microscopy (SEM)
images of the sample before [Fig. 3(a)]
and after the phosphors’ deposition [Fig.
3(b)] are presented. The average grain size
of powder ranges from a minimum of 1.2
um to a maximum of 6 um, as reported by
the company. The 2 pm holes are thus
fillable only with a small fraction of the
available grains. This causes an
incomplete filling and a decrease in the
FEL-visible conversion efficiency.

Fig. 3. SEM images of the device. (a) Before
FIB and the filling with phosphors; (b) after
phosphor deposition. An Al,O3 island and the
phosphor presence can be noticed in the
microcavities.

After the fabrication, the sample was
installed and tested at the EIS-TIMEX
beam line [19], at the FERMI FEL facility
The beam line is conceived to operate
pump-probe experiments in a high-
fluency regime both for the FEL and IR
laser. For this purpose, it is equipped on
the FEL side with an ellipsoidal gold-
coated mirror able to focus the FEL
emission down to 6 pm at full width half
maximum (FWHM). In such conditions,
the FEL 1is generally destructive, an
undesired feature as far as the overlapping
procedure is concerned. The superposition
is thus conducted out of the focal plane of
the FEL, where the spot has a dimension
of 15 um, and decreases the intensity at the
source down to 1 pJ. In the present case,
the FEL wavelength was 32 nm. The
employed IR laser had a FWHM of 50 pm
and an intensity of 0.1 pJ. Figure 4 (upper
part) reports a schematic of the

experimental setup. The sample was
rotated by 20° with respect to the FEL
beam, due to a mechanical constraint of
the manipulator. The spatial overlap was
conducted in such rotated geometry. The
bottom part of Fig. 4 shows the images of
the spots acquired for the FEL and the IR
on the above described sample. The
images have been acquired using a
Questar QM 100 telemicroscope, operated
in air and coupled to a Basler ACE CCD
camera.

Sample

Fig. 4. Upper part: sketch of the experimental
apparatus. Lower part: FEL spot (on the left)
and IR laser spot (on the right). A lack of
luminosity in the lower right part of both the
spots identifies the presence of an AlLO;
timing zone (represented also in the SEM
image in the inset). The images were
obtained using a Questar QM 100 tele-
microscope operated in air and coupled to a
CCD camera.

By comparing the images, it is easy to
observe that the laser spot is roughly twice
as large as the FEL spot. The
inhomogeneous readout of the FEL spot
intensity is due to the incomplete filling of
the phosphor holes: it is also possible to
recognize on the lower/right part the lack
of intensity of the spot that corresponds to
the unpatterned area of the Al,O3 timing
island. The fine-timing procedure was
subsequently con-ducted monitoring the
time evolution of the transmittivity of the
ADLOs-excited island. An UVGI100
(OptoDiode) photo-diode was employed



to detect the transmitted IR intensity.
Figure 5 reports the relative change of
transmittivity of our device (red trace)
and, for comparison, the one recorded on
the bulk Al,Os3 (black trace) and on a 100
nm Ni-coated bulk Al,O3 (blue trace). All
the measurements were conducted under
the same FEL and laser conditions. To
obtain the traces shown in Fig. 5, the delay
between the IR and FEL Ilaser was
continuously increased and the shot-to-
shot transmitted intensity was recorded.
This procedure was repeated three times
for each sample, and the single traces have
been averaged and binned with 20 fs steps.
The error bars are one standard error.
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Fig. 5. Fine-timing traces acquired on the
same FEL/IR laser condition on three
different samples: bulk Al,Os (black trace),
Ni-coated bulk Al,Os (blue trace), and our
sample (red trace).

The bulk AlO3 exhibits a change of the
transmittivity in the order of a few percent,
comparable with the standard timing
traces generally reported in the literature
[18,20].

In contrast, on our device the
transmittivity change is amplified by
cutting the fraction of the IR that does not
interact with the excited region of the
sample. As expected, this in-creases the
intensity of the effect up to ~25%. The
blue trace is instead obtained on a
nominally identical Al,O3; sample coated
with 100 nm of Ni. The coating is removed
by exposing the sample to an unattenuated
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FEL. The high-intensity FEL drills a hole
of its dimensions, which can subsequently
be used as an Al,Os island to perform the
fine timing with an attenuated FEL. Such
a procedure is a valid alternative that also
produces a contrast increase with respect
to the uncoated bulk sample, but does not
possess the capabilities for the spatial
alignment offered by the PPD approach.

In conclusion, we have determined two
different procedures to solve the identified
common problems responsible for the
scarce contrast in the temporal
overlapping procedure of the FEL and
laser pulses: the introduction of a metallic
coating, subsequently removed by a high-
intensity FEL, and the creation of a
purposely designed sample with well-
defined pinholes. The PPD 2.0 permits an
increase in the contrast by a factor ~7 with
respect to the bulk AlOs crystal, being
contemporarily exploitable for the spatial
overlapping procedure. This al-lows more
efficiency in the overall superposition
procedure in terms of time and spatial
precision, since it does not require the use
of different crystals with their own
characteristics. The integration of
currently used tools can be pushed further
with the introduction of an electric contact
on the surface coating; that would allow
operating our sample as the antenna
described in Refs. [15,21] and also
conducting the raw-timing procedure on
the same spot. Specific setups exploiting
high-resolution spatial detection devices
can be employed to have even higher
contrast in the timing signal. However,
such types of setups have to be carefully
designed and aligned to detect the
reflected or trans-mitted signal [22-24].
Instead, our device can be fruitfully
inserted in any existing transmission
setup, achieving at the same time an
increase in the available space and an
augmented contrast in the timing signal.
The geometrical parameters of the PPD
2.0, such as relative distances, diameters,
and depths, can be easily modified to
extend its use toward non-collinear



geometries, where small spatial deviations
between the YAG screen and the timing
sample may also become important. An
increase of the cavities’ diameter may also
bring an efficiency increase due to an
augmented filling factor. It is important to
have a compromise between the filling of
the cavities and their size: large diameters
(tens of um) reduce the resolution in the
diagnostic of the FEL beam; a diameter of
4 um can be a good compromise with this
type of phosphors, as already
demonstrated by our group. Moreover, as
far as the linear absorption process holds
for the timing material [22], our device
can be employed with identical
advantages in terms of contrast in-crease
and speeding up the overall procedure.
The only constraint is regarding the
dimensions of the timing islands, which
have to be rescaled according to the
adopted FEL focal spot size. A study on
different materials that change their
optical properties when exposed to the
FEL beam, such as Si3N4, GaAs, MgF>, or
wide bandgap insulators could be
interesting to determine the best material
to further increase the contrast and in
principle speed up the overlapping
procedure.
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