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ABSTRACT
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Graphene is one atom layer thin carbon material that has gained plenty of atten-
tion due to its numerous excellent properties. In this thesis a novel method to
modify the structure and properties of graphene, called optical forging, is pre-
sented. In this method graphene is irradiated using femtosecond pulsed laser
light and as a result of it graphene forms three-dimensional structures. Detailed
characterizations have revealed that the process of optical forging causes defects
to the graphene lattice, which in turn causes lattice expansion and bulging of
graphene into the 3D shapes. In addition to this, some amorphous carbon is de-
posited onto graphene as a side effect, and the formation of the entire 3D shape is
a combination of both bulging and deposition. Using nanoindentation measure-
ments, optically forged graphene was determined to have high bending stiffness,
which is very different from pristine graphene, which is very flexible. Optically

forged patterns are also and more reflective than pristine graphene and they ex-
hibit photoluminescence. As for applications, optical forging can be used to make
ultralight scaffold structures from graphene, and potentially to increase the reso-
nance frequencies of graphene resonator devices.

Keywords: graphene, nanoindentation, graphene quantum dot, chemical vapor
deposition, Raman spectroscopy, atomic force microscopy, elastic mod-
ulus, defect engineering, optical forging
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Grafeeni on hiilestd koostuva yhden atomikerroksen paksuinen materiaali, jo-
ka on saanut runsaasti huomiota monien erinomaisten ominaisuuksiensa vuoksi.
Tama tyo keskittyy grafeenin optiseen taontaan, joka on uusi menetelmé grafee-
nin rakenteeen ja ominaisuuksien muokkaamiseksi. Optisessa taonnassa grafee-
nia valotetaan femtosekunttiskaalassa olevilla laserpulsseilla, jolloin grafeenista
muodostuu kolmiuloitteisia rakenteita. Rakenteiden yksityiskohtainen karakte-
risointi osoitti, ettd optinen taonta aiheuttaa rakennevirheiden syntymisen gra-
feenin kidehilaan, joka puolestaan aiheuttaa rakenteen paisumisen ja pullistu-
misen kolmiuloitteisiksi muodoiksi. Lisdksi optinen taonta aiheuttaa amorfisen
hiilen kerrostumista grafeenin pinnalle, jolloin kokonaisrakenne on pullistuneen
grafeenin ja amorfisen hiilen yhdistelma. Nanomittakaavan painelukokeiden pe-
rusteella optisesti taotun grafeenin havaittiin omaavan korkean taivutusjaykkyy-
den, joka poikkeaa suuresti kasittelemattomasta grafeenista, joka on taivutettaes-
sa hyvin joustavaa. Lisdksi optisesti taotut grafeenirakenteet heijastavat enem-
maén valoa kuin késittelem&tdn grafeeni ja niissd esiintyy fotoluminesenssia. Op-
tisesti taottua grafeenia voidaan kayttda sovelluksissa, kuten ultrakevyiden na-
nokokoisten tukirakenteiden valmistukseen ja mahdollisesti grafeeniresonaatto-
reiden ominaistaajuuden kasvattamiseen.

Avainsanat: grafeeni, nanopainelu, grafeenikvanttipiste, kemiallinen kaasufaasi-
kasvatus, ramanspektroskopia, atomivoimamikroskopia, elastinen ker-
roin, virhevalmistus, optinen taonta
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1 INTRODUCTION

Graphite is a carbon material that can be found, for example, in normal pencils.
It is formed from numerous stacked layers of two-dimensional (2D) single atom
layer thin sheets of carbon. These single sheets are called graphene. A graphene
sheet can be thought to be the building block for other carbon allotropes, fullerene
being graphene wrapped into a 0D sphere, carbon nanotube is graphene rolled
into a 1D tube and graphite being graphene stacked into a 3D structure. If one of
these graphene sheets is isolated, it exhibits many excellent properties. [1-3] An-
dre Geim and Konstantin Novoselov were the first to isolate and measure some
of graphene’s exotic electronic properties, which include extremely high charge
carrier mobilities and quantum Hall effect at room temperature. [4-7] These dis-
coveries resulted into a Nobel Prize in physics being awarded to them in 2010.

Other notable properties of graphene are high thermal conductivity, [8-12]
high mechanical strength [13-15] and almost complete transparency. [16] Because
of its properties, graphene has been suggested to be used in a plethora of ap-
plications, some of these including high frequency field effect transistors [17],
nanoelectromechanical systems, [18,19] supercapacitors [20-22], nanoscale opto-
electronics and photonics devices, [23-25]. The list could go on.

Properties of graphene originate from its atomic structure. Each carbon
atom has four valence electrons: one s orbital and three p orbitals. In graphene
two p orbitals with the s orbital form a sp? hybridized orbital, which forms a co-
valent o bond between the neighbouring carbon atoms. As a very strong bond,
the ¢ bond is the reason for good mechanical strength of graphene. The hy-
bridization results into the carbon atoms forming a planar hexagonal structure,
a honeycomb lattice as presented in Figure[I(a). The remaining p orbital is per-
pendicular to the honeycomb lattice and it forms 7t bond, which is hybridized
with other atoms to a 7t and 77* bands. The extraordinary electronic properties
of graphene are due to these orbitals. [26] Figure [I(b) shows the Brillouin zone
(BZ) of graphene with high symmetry points. Most interesting points are at the
corners of the BZ, K and K’ points or Dirac points, where the valence and con-
duction bands touch. Atlow energies around these points the dispersion is linear,
and the charge carriers can be described with the Dirac equation rather than the



2

Schrodinger equation. [1,27] Graphene exhibits ballistic transport resulting into
extremely high mobilities, even about 200000 cm?V~!s~! in optimal conditions
(suspended graphene, low carrier density and low temperature). [28,29]

(@)

FIGURE1 (a) Honeycomb lattice structure of graphene with lattice vectors a; and a,.
Two sublattices are marked A and B. (b) Corresponding Brillouin zone,
showing reciprocal lattice vectors by and by, and high symmetry points I,
M and K.

In the context of this study, mechanical and optical properties are the most
relevant graphene properties. As mentioned above, graphene has gained plenty
of attention due to its mechanical properties. Utilizing nanoindentation, Lee et al.
were the first to measure graphene’s intrinsic strength to be 130 GPa. [13] Popu-
larized works often cite this value and the fact that it is over 200 times larger than
with the strongest steel. [30] Graphene is very stiff in the in-plane direction, but
as an atomically thin material, it is also very bendable out-of-plane. In the same
study by Lee et al. two-dimensional elastic modulus was measured to be 340
N/m. If the thickness of graphene is assumed to be 0.335 nm, which is the inter-
layer separation in graphite, [31] one receives 1 TPa for Young’s modulus, which
is about five times larger than with steel. [32] As a very stiff and strong material
but also bendable material, it is no wonder that graphene has been thought to
be used for example in bendable and stretchable electrodes. [33-36] These elec-
trodes would also be transparent, since graphene is 97.7 % transparent trough
the entire visible range. [16] Also, its reflectivity is very low (< 0.1%). [37] Pris-
tine graphene is not luminescent, though luminescence can be measured for ex-
ample from graphene quantum dots [38] or from graphene under heavy electro-
static doping. [39] As for plasmonics, a direct light absorption by plasmons is not
possible because of large momentum mismatch, [40] but it becomes possible for
example by using grating structures or nanoribbons.

Structural defects of semiconductor materials strongly affect their proper-
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ties. [41] Graphene is no exception to this. For example, while defect-free graphene
is chemically quite inert, defects increase its reactivity, amount of increase being
different depending on type of the defects. [42] Even though the most impressive
properties of graphene are found from pristine graphene, for some applications
graphene has to be defected. [43] Defects can be created by chemical treatments,
plasma treatment and different beam irradiation methods, [44,45] all of these
having their own pros and cons. In order to effectively control the properties, a
good defect creation method should be able to control the defect creation, both in
defect amount and in position of the sample.

This study is centered on patterning of graphene using a laser patterning
method called optical forging. In this method femtosecond pulsed laser irradia-
tion causes lattice defects to the graphene, which results into graphene bulging
from the surface into three-dimensional structures in a way that is reminiscent
to shaping a sheet of metal with a hammer, hence the name optical forging. Pat-
terns that form using optical forging method can be drawn in various shapes and
their heights can be controlled by exposure parameters. Optical forging causes
defect formation in the graphene lattice. A proposed explanation of the patterns
is local lattice expansion caused by the changed defect density. Optically forging
alters optical properties of graphene, making it more reflective and also photo-
luminescent. This also changes mechanical properties of graphene, increasing its
bending stiffness up to five orders of magnitude relative to pristine graphene,
and decreasing its 2D elastic modulus.

My part of studying graphene and optical forging has been experimental
work. For the work presented here, I have been responsible of graphene syn-
thesis development and fabrication of a vast majority of the graphene samples
used in studies presented here. I have made most of the microscopic and spec-
troscopic characterizations and data analysis thereof, while relying other peoples
work on operation of femtosecond laser setup as well as computational and the-
oretical work. This thesis is constructed as follows. In chapter 2 I describe the
most important methods that were used to fabricate the graphene samples. In
chapter 3| characterization methods and tools essential to the sample analysis are
presented. Chapter [ presents the laser modification technique of optical forging
and describes how this modifies the structure of graphene a bit more deeply than
in published articles. Details of how optical forging alters the optical and me-
chanical properties of graphene is presented in chapter 5| Chapter|f|summarizes
the work and presents conclusions and future perspectives to optically forged
graphene. Published articles are reprinted at the very end of this book.



2 FABRICATION OF GRAPHENE

Single layer graphene can be fabricated in many ways. In its simplest form,
graphene can be fabricated just with adhesive tape and a piece of graphite. In
this method, graphite is first peeled with the tape, which leaves quite thick layers
of graphite to the tape. Then the sheared graphite layers are thinned by consec-
utively peeling the previous layer and finally the tape is pressed to the substrate
and slowly peeled off, hopefully leaving some single layer regions on the sub-
strate. The sample has to be then inspected with a microscope to find the sparse
single layer regions and confirm the number of layers by Raman spectroscopy,
making it quite labor intensive. Mechanical exfoliation, or in other words "the
Scotch tape method", was the original method to make graphene and is still
used to make the cleanest samples with least amount of both lattice defects and
residues of any kind. [46,47]

While mechanical exfoliation is still a good method to fabricate pure and de-
fect free graphene, the drawbacks are that it normally yields only small regions
of single layer crystals and is difficult to scale up. Graphene can be manufactured
in bulk amounts by liquid exfoliation [48,149] or graphene oxide reduction, [50]
though the quality of the resulting graphene might not be very good. A method
for lower quantity but higher quality (and expensive) graphene is high tempera-
ture graphitization of SiC. [51] However, the most common fabrication method is
chemical vapor deposition (CVD).

In this chapter the most important methods in graphene fabrication are pre-
sented. Detailed sample fabrication details are in appendix 1}

2.1 Chemical Vapor Deposition

Chemical vapor deposition has become one of the most used methods to syn-
thesize graphene, since it can provide large crystalline size and low amount of
defects. [52-55] In CVD gaseous or vaporized precursors are used to synthesize
solid product usually at elevated temperatures. [56] Methane is an often-used
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precursor when synthesizing graphene, but almost any carbon containing mate-
rial could be used. Alternative gaseous precursors include ethylene [57,58] and
acetylene. [59] Graphene has also been produced using liquid precursors, such
as methanol, ethanol, propanol [60] and benzene [61] and solid precursors like
PMMA [62] and polystyrene [61,63] and even some more bizarre precursors such
as cockroach leg. [64] However, at least in research purposes, most often the most
important considerations in the precursor material are purity and possibility to
control the carbon concentration, both of which are easily achieved with gaseous
precursors. Additionally, as the most simple hydrocarbon, methane has already
been used in many computational studies about CVD of graphene, making it an
attractive choice as the precursor.

Catalyst material is another important consideration in graphene CVD. Cop-
per is by far the most common catalyst, since it is cheap and it usually self-limits
the graphene growth to only one layer. [65-67] Many other transition metals,
such as gold, [68] ruthenium, [69,70] iridium, [71-73] rhodium, [74] rhenium, [75]
cobalt, [76-78] palladium, [79,80] platinum [81-84] and others [85] have been
used for graphene synthesis. In addition, nickel can be used, though it results in
mostly double-layer graphene because of high carbon solubility to nickel at ele-
vated temperatures, causing the carbon to precipitate onto the surface once the
sample is cooled. [86-89] Additionally, in some studies alloys, like Cu-Ni [90,91]
and Ni-Mo, [92] have also been used successfully as the catalyst surface.

The mechanism of graphene growth is shown in Figure a). The chamber
is usually heated near 1000 °C, as the CHj, dissociation requires plenty of energy,
though additionally it requires a catalyst. The adsorbed and at least partially de-
hydrogenated carbon species can migrate around the surface, coalesce and grow
into graphene crystals. According to computational studies, the methane precur-
sor does not completely dehydrogenate into atomic carbon, but partially dehy-
drogenated carbon species migrate on the surface, though more likely they form
dimers, trimers and even larger clusters, which can also migrate around the sur-
face and find larger domains. [93,94] Especially on Cu(111) the larger clusters are
important intermediates. [95] The growth is often promoted by impurities on the
copper surface, which act as nucleation sites, where the carbon atoms can attach
and the graphene domain grows. The growth is not always strictly self-limiting
even on copper, as Figures 2[b) and 2(c) show. These are scanning electron mi-
croscope (SEM) images of graphene on copper after the CVD synthesis. The dark
lines in Figures [2b) and [(c) are graphene wrinkles that form during cooling of
the sample, caused by different thermal expansion coefficients between graphene
and copper. [65,96] In Figure[2(b) double layer domains (darker grey hexagon-like
structures) have grown on single layer graphene, which spans the entire sample.
Note that there are impurity particles (white dots) present inside each of the dou-
ble layer domains. Figure [2(c) shows another, much larger domain, where even
a third layer has grown and multiple particles are located near the center. By
using isotope labeling, studies have clearly showed that the domains grow out-
wards from nucleation sites. [88,97,98] Additionally, most of the studies conclude
that under normal conditions any double or multilayer domains actually grow
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between the copper surface and the much larger single layer domain, al-
though some have argued the opposite. The growth of additional layers is
largely suppressed by the single layer domain, which prevents the breaking of
the CHy4 by blocking access to the catalytic copper. However, it is possible to
grow bilayers deliberately on graphene with a multi-zone furnace system, where
carbon species are catalytically activated on a different Cu surface and let to flow
downstream onto a fully grown graphene surface. Hydrogen has also an im-
portant role in the graphene synthesis, although it is possible to grow graphene
without it. Hydrogen etches the growing graphene domains, especially the
defected edges, which improves the quality of resulting graphene, but it also acts

as a cocatalyst for active carbon species. [103-109]

FIGURE 2 a) Schematic of graphene CVD growth mechanism. b,c) SEM images of
graphene synthesized onto copper thin films using CVD with visible dou-
ble layer and multilayer domains.

The self-limiting quality of copper can also be broken if carbon concentra-
tion in the gas flow is too high, especially with atmospheric pressure chemical
vapor deposition (APCVD). Therefore the growth is done in quite low con-
centrations and in APCVD the majority of the gas is usually argon.
With too low carbon concentration the hydrogen etching rate is comparable to
grain growth rate and graphene grain sizes remain small and unconnected. Ad-
ditionally, if the growth time increases too much, copper evaporation and copper
film dewetting start to become problematic. Naturally, this is an issue only with



thin film catalyst, not with copper foil.

While CVD grown graphene domains are often large compared to exfoliated
graphene domains, the graphene layers grown with CVD are oftentimes poly-
crystalline. [111] Grain boundaries have been shown to deteriorate graphene’s
electronic, [112-115] thermal [116-118] and mechanical [119|120] properties, so
fabricating graphene with large grain size is preferable. The best way to increase
the grain size of CVD graphene is to decrease nucleation density, and, since im-
purities often cause nucleation, reducing the impurity amount is one of the best
ways to achieve this. Obviously, using high purity copper is helpful, but be-
yond this, one of the most used methods for suppressing nucleation is long time
annealing of the catalyst at high temperatures, which removes residues and in-
creases the crystallinity of copper. [121122]

Crystal orientation of the catalyst surface is also a contributing factor. The
most used catalyst material in publications is foil, where the copper is polycrys-
talline and often the grain sizes are quite small, typically in tens of microns. How-
ever, there is evidence that using Cu(111) improves the quality of CVD grown
graphene due to small lattice mismatch between graphene and copper. [123-127]]
This also helps good quality large area graphene crystal growth, since the crys-
tals that are grown on Cu(111) are much more likely to be aligned, making a
grain boundary free fusion of separate crystals possible. [128] Also, the growth
dynamics differ a bit on different crystal orientations, meaning that if the cata-
lyst has only single orientation, variations within the sample are smaller. Copper
(and nickel) surfaces with (111) orientation can be routinely prepared by anneal-
ing the metal thin films on a-Al,O3 (0001) (also known as c-plane sapphire) sub-
strates. [125-127] Cu(111) can be achieved already during the deposition of the
copper, [125] but it is also possible to increase copper crystal size during anneal-
ing after the deposition through a process called secondary grain growth. [129]
Recently large scale Cu(111) crystals were prepared from commercial polycrys-
talline copper foils by contact-free annealing, [130] which enabled adlayer-free
graphene synthesis. [131]

Another method to decrease the amount of nucleation sites is to oxidize
the copper surface. At high temperatures, oxygen can efficiently clean impurities
and excess carbon from the copper, leading to lower nucleation density. [132-135]
When the foils are oxidized in high temperature the oxygen can dissolve into
the copper and stay in the foil in small quantities, affecting the growth even if
the growth is done at high temperatures and relatively high hydrogen concen-
tration. [136] With some systems it is not even necessary to really oxidize the
copper or add oxygen into the gas flow, but residual oxygen can be used to de-
crease the nucleation density by shutting down the hydrogen flow during anneal-
ing. [137,[138] Additionally, oxygen lowers the energy barrier for CHy decomposi-
tion [139,/140] and carbon attachment to the graphene domain, [141] which leads
to faster graphene growth. [141}]142] Even small amounts of oxygen (down to the
ppb regime) can affect the growth, [141,143-146] however, at high enough oxygen
concentration the domain growth rate decreases due to oxygen’s contribution to
etching the graphene. [145,146] Interestingly, when oxygen residues are removed,
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more multilayer domains are grown, even with LPCVD under hydrogen contain-
ing gas mixture, indicating that in normal growth oxygen promoted etching is
very important. [145] Some studies conclude that hydrogen does not even etch
graphene on its own without small amounts of oxygen. [145]147] Additionally,
water as has a similar oxidizing effect during the growth. [142] These residual
oxygen and water impurities in gas flow or in the copper catalyst are likely to be
the reason for some discrepancies and inconsistencies in CVD synthesis results
that are reported from different laboratories.

Pressure is another important CVD parameter to consider. Initially graphene
was synthesized with low pressure CVD (LPCVD), though as mentioned earlier,
it is possible to synthesize good quality single layer graphene with APCVD as
well. [125,126,(131,[148] Changing the pressure does change the growth dynamics,
which can be seen from different shapes in graphene domains grown under dif-
ferent pressures. [149] For this reason the gas concentrations have to be adjusted
correctly for the pressure that is being used. With APCVD a suitable carbon con-
centration for single layer graphene synthesis is in the order of tens to hundreds
of parts per million of the total gas flow volume. [103,106,[148] The exact amount
seems to vary a bit, likely due to the oxidizing residues mentioned above.

Temperature is also an important parameter in CVD. With APCVD, higher
temperature has been reported to improve the quality of graphene. [126] Addi-
tionally, higher temperatures both decrease the amount of nucleation sites and
increase the graphene crystal size (under same growth time), [150,151] leading to
lower amount and size of multilayer domains. [152] The melting temperature of
copper is 1084 °C, which oftentimes sets the maximum temperature. That said,
CVD of graphene is also possible using liquid copper catalyst, [153,(154] as well
as some other liquid materials. [155,(156] Naturally, the sample holder has to be
able to hold liquid copper, making this a bit more complicated method compared
to CVD with solid copper. While in general higher temperatures result into bet-
ter graphene, there are also some low-temperature CVD methods to synthesize
graphene, such as using toluene with Cu catalyst at 600 °C [157] or methane with
gallium catalyst even as low as 50 °C, [158] but the quality of graphene is not the
best with these low temperature methods.

Another approach to decrease carbon concentration and thus to have a bet-
ter control of the growth is to use a copper enclosure (or a pocket). With this
method, the copper foil is folded and crimped around the edges, so that car-
bon concentration is greatly diminished inside the enclosure. [66,159] With this
approach, results of the process are completely different on the inside and out-
side surfaces of the foil with inside surface being covered mostly by single layer
graphene and outside surface growing multilayers. [160,161] The mechanism be-
hind this is explained by carbon being able to diffuse through the copper, de-
spite of the low carbon solubility, forming predominantly single layers on the
inside and multilayers on the outside. [162] This method is actually more often
targeted to fabricate large double layer domains, [160-162] but effective single
layer growths have been reported with some tweaks to the basic idea. For exam-
ple, Phan et al. fabricated large single layer graphene crystals by making holes in
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the copper foil. [163] In a different study, the copper foil was oxidized leading to a
single layer growth that was fast with low nucleation density. [164] Another mod-
ification to the method is to add a piece of tungsten inside the enclosure, which
acts as a carbon sink and helps to limit the growth to just one layer. [165] In a
different study the outer side of the foil was coated with tungsten or molybde-
num, which act both as a diffusion barrier and a carbon sink, leading to growth of
millimeter scale single layer graphene crystals. [166] Recently a tungsten coating
on the other side of a normal unfolded copper foil was used effectively to limit
the growth to a single layer. [167] Additional metal coating has also been used in
an opposite way: by depositing nickel to one side, uniform multilayer domains
were grown. [168] Yet another slightly different approach to decrease graphene
nucleation is to treat the copper surface with melamine. [169] An important note
when working with foils is that, in addition to chemical cleaning of the surfaces,
the roughness of the foils needs to be decreased by electropolishing, which also
improves the quality and uniformity of the graphene. [108}|170,171]

As it can be gathered from everything written here so far, there are a plethora
of alterations to the graphene CVD synthesis recipe on copper that was originally
published by Li et al. [65] The important thing to keep in mind here is to think
what the requirements for the graphene are going to be. For industrial applica-
tions, many of the methods mentioned above will not be feasible, for example,
low-pressure methods are not very easy to integrate to an assembly line. If the
need is for one device with "perfect" graphene for electronic measurements, CVD
might still not be the best method at the moment, since CVD graphene has usually
more defects than mechanically exfoliated graphene. Additionally, transferring
the graphene from growth substrate to the final substrate introduces almost al-
ways residues, which will be talked about below. However, if there is a need for a
large amount of samples, and the graphene quality does not have to be "perfect",
many current CVD methods offer an attractive approach to achieve this goal.

2.2 Transfer

Transfer of graphene after the CVD synthesis from the catalyst surface onto a tar-
get substrate is one of the most important parts of graphene fabrication. Ideally,
transfer should keep the graphene from crumpling or rolling into itself while not
leaving residual material that would degrade the excellent properties of graphene.
An often-used transfer method involves depositing polymer onto the graphene,
etching the catalyst material and placing the released polymer/graphene stack
onto the target substrate. However, as in CVD, there are many variations how
the graphene transfer is done depending on sample requirements.

Using a polymer support layer on top of graphene during transfer is a
very common technique. [86|(172-177] The purpose of the layer is to keep the
graphene from crumpling or folding over itself, when the graphene is released
from the catalyst surface. Figure |3 presents a schematic of a "normal" transfer
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process. First the sample is spin-coated with a support polymer, poly(methyl
methacrylate) (PMMA) being the most common support material. [178] Then the
PMMA /graphene/Cu sample stack is placed to etchant bath, where the copper
layer is etched leaving the PMMA /graphene stack floating on the liquid. The
graphene surface is then washed from etchant residues with deionized water and
placed onto the target substrate. The sample is let to dry on its own, or by bak-
ing it for a few minutes on a hot plate. Finally the PMMA layer is dissolved in
acetone to leave graphene layer onto the target substrate.

While this process does enable the transfer of large graphene films onto dif-
ferent substrates, its main drawback is that PMMA residues are left behind, which
degrade the properties of the resulting graphene. [176,(179] There are plenty of
variations to each step of the "normal" transfer process in purpose of improv-
ing either purity of the final graphene or some other detail. One approach is to
modify the transfer polymer so that it leaves less residues behind. These include
adjusting the PMMA itself, for example by using smaller molecular size, [180]
or depositing a second layer of PMMA onto the sample after transferring the
graphene/PMMA stack onto the target substrate. [181] The PMMA can also be
removed without using any solvents by annealing. [177] It is also possible to use a
different transfer material altogether. Alternative polymers include poly(bisphenol
A carbonate) (PC), [182-184] polyethylene terephthalate (PET), [174] poly(lactic
acid) (PLA), [182] poly(phthalaldehyde) (PPA), [182] and polydimethylsiloxane
(PDMS). [65,[185,[186] However, some of these materials are more difficult to use
than PMMA, and while they can provide a cleaner transfer in some instances,
they do not solve the residue issue completely.

Another approach is not to use polymers, but small molecule films as the
support layer. Usually the goal of using these materials is lower adhesion and
lower reactivity with graphene, which make the removal of the support film eas-
ier. For example, paraffin has been used as transfer material leading to lower
doping than with standard PMMA transfer. [187,188] Additionally, paraffin can
be used make wrinkle-free graphene by relaxing the CVD induced strain when
the transfer is made in warm water. [187,(188]] Another small molecule material is
rosin, which has the benefit of having small adhesion energy to graphene, which
can yield clean and defect-free graphene. [189-191] A notable issue with small
molecule films is that they are often mechanically weaker than polymer supports,
which can be countered by depositing a polymer layer on top of the molecule film
and using these double layer films as the support. [190] A slightly different ap-
proach when using non-polymer materials is to use a support material that is
volatile and will sublimate at room temperature or when heated. With these ma-
terials, the resulting graphene is supposed to be free of residues, even without
any chemical cleaning, however extra cleaning steps can still help. Examples of
this type of sublimating materials that have been used in graphene transfer are
cyclododecane, [192,[193] camphor, [194] pentacene, [195] naphthalene [196] and
anthracene. [197]

Since polymer residues from transfer process are so hard to avoid, one ap-
proach is to not use a support polymer at all. This can be achieved using a special
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sample holder, which helps to prevent the crumpling and tearing of the graphene
without the support layer. [198] Other support-free method reported is to bond
graphene to the target by electrostatic charging before etching the catalyst. [199]
While graphene transferred with these methods can be clean, it is difficult to do
them without tearing the graphene.

Graphene can also be transferred using a so-called "bubble transfer" method.
In this method, hydrogen bubbles are generated between graphene and the cata-
lyst surface, which detaches the graphene. [81,200-202] The bubbles are formed
electrolytically between the graphene and the catalyst metal. Benefits in bubble
transfer are that it is fast, and since the metal layer is not etched, it can potentially
be reused as a CVD catalyst. This was originally reported with platinum, [81]
but using copper is also possible, though in this case the copper is oxidized and
partially dissolved. [200-202] Bubble transfer can yield graphene with less metal
residues, but it does not solve the problem with support layer residues. It is
possible to do the bubble transfer without the support layer, but then it is quite
difficult to prevent the graphene layer from crumpling. However, even with the
support layer, the H, bubbles can cause defects and cracks in graphene. In a
modified version of the bubble transfer, called "bubble-free transfer", the copper
is oxidized after the CVD. Then, during electrolysis the potential is kept lower
than in bubble transfer in order not to create the H, bubbles, but high enough
to cause a reduction of the copper oxides between graphene and the copper sur-
face, which in turn causes the delamination of graphene. [203] In a similar study;,
the copper surface is oxidized during the transfer by oxygen dissolved in the
electrolyte solution, which is then then reduced, releasing graphene. [204] Yet
another transfer method is "soaking transfer", where after CVD the graphene is
coated with PMMA and the copper is peeled from the graphene in 90 °C water,
however graphene seems to tear easily with this method. [205]

Another transfer approach is dry transfer. This term means doing either
the graphene release from the metal surface or support layer removal from the
graphene without wet etching, usually by peeling. In some cases, when both of
these are done without etching, the method is called "all-dry" or "completely-dry"
transfer to draw distinction to the case when only one of them is, which is some-
times called "semi-dry" transfer. With dry transfer, the residue amounts can be
lower than in typical wet transfer, especially when talking about residual water
between graphene and the substrate, which can be an issue with the wet trans-
tfer. However, a difficulty in this process is that the graphene can tear or transfer
only partially if the adhesion energies are not well adjusted. Additionally, espe-
cially if the adhesion energies are similar, graphene is not necessarily residue-free.
Graphene has a somewhat high adhesion to copper. [206] This means that it is dif-
ficult to design the materials so that detachment and consequent attachement to
the target substrate work with high yield. Therefore, dry transfer is easier when
the target material is for example a polymer or boron nitride film, which have
good adhesion to graphene when they are pressed together and heated. [207-209]
Semi-dry transfers to silicon have been reported with SiO, /Si substrates by etch-
ing the copper [186] and by oxidizing the copper after CVD using water vapor,
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which makes it easier to delaminate the graphene. [210] All-dry transfer has been
successful by synthesizing graphene on germanium (110). Ge(110) has lower ad-
hesion to graphene than most other growth substrates making it easier to design
adhesions so that the graphene detaches both from germanium and the support
layer. [206]

Another notable matter in graphene transfer is that fabricating suspended
graphene samples brings additional complications. Even though graphene is an
extraordinarily strong material relative to its thickness, it can be easily broken if
macroscopic forces are exerted to it, e.g. surface tension of a drying water droplet.
Therefore, it can be beneficial to use the critical point drying (CPD) technique
when removing the PMMA layer. [28,211}212] This means drying the sample
by transforming the liquid first into supercritical fluid before turning it to gas.
Practically this means that after dissolving the PMMA the fluid is changed into a
suitable drying fluid, such as carbon dioxide, which is then heated in a pressur-
ized chamber to make the fluid supercritical. Pressure is then released by slowly
venting the chamber. This way the system does not cross any phase boundaries
and the sample is safe from forces caused by surface tension. Although this is not
a necessary method for making suspended graphene, it is a gentler method than
just rinsing the sample in acetone.

2.3 Cleaning

Since the purity of graphene is often an issue and normal synthesis and transfer
methods unavoidably leave residues, many methods have been proposed to clean
the graphene afterwards. One of the reported wet cleaning methods is to use
a modified RCA cleaning after releasing the graphene/PMMA stack from cop-
per. [176] This method is designed to clean the underside of the graphene from
residues, such as copper particles, and does not help with the residues caused
by the support layer. As for the polymer residues, as mentioned above, most
often the solvent to strip the PMMA layer is acetone, but other solvents, such
as chloroform [182,213] and acetic acid, [214] have also been used. These have
been reported to perhaps provide cleaner graphene, but they cannot clean all
the PMMA residues, and chloroform has been reported to intercalate between
graphene and the substrate and cause large doping. [215] With acetone, a differ-
ent PMMA removal is to do UV exposure of the PMMA during transfer, which
increases its solubility and leads to cleaner graphene. [216] Another method is
to use acetone vapor by suspending the PMMA /graphene/substrate over a hot
acetone bath and letting acetone vapor to condense on the sample. Acetone dis-
solves the PMMA and droplets drop down while fresh solvent condenses on the
sample, which has been reported to provide clean graphene, although the process
is slow. [92]

However, wet methods alone are not enough to clean graphene from the
transfer residues. Therefore many other cleaning methods have been tried, one
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of the most popular methods being thermal annealing. This has been studied
in various different environments, including vacuum, [213,217,218|] Ar/H, mix-
ture [219] and carbon dioxide. [220] In another study, the graphene sample was
embedded into active carbon, which absorbs the evaporated PMMA residues
improving the cleaning. [197,221] Removal of the PMMA residues can also be
enhanced catalytically by using platinum or palladium metals as catalyst dur-
ing the annealing. [197,222] All of these annealing methods do some cleaning of
the residual PMMA, however, none of them provide completely clean graphene.
In fact, thermal annealing can cause PMMA residues to bond covalently with
the graphene, making their total removal virtually impossible, [223] though at
least some of these post-annealing residues can be cleaned electrolytically. [224]
A drawback in thermal annealing is that it also introduces p-type doping when
graphene is transferred onto Si/SiO; substrates. [213,219,225]

As for other dry cleaning methods, there have been various different ap-
proaches for cleaning graphene using plasma treatments. [226-228] While plas-
mas can clean the residues, the processes need to be very well optimized in order
to preserve the graphene itself from any defects. As for a bit more specialized
techniques, there are also several beam based methods for cleaning, for exam-
ple by using argon cluster ion beam [229] and helium ion beam. [230] There also
exists several laser cleaning methods capable of removing most of the transfer
residues. [231,[232] As for simple cleaning methods, it can be done with a rubbing
cloth, where electrostatic forces draw the residues from the graphene surface into
the cloth. [233]

Another cleaning approach is to do it mechanically, for example by sweep-
ing the residues with AFM probe [234-236] or with nanomanipulators inside a
SEM system. [237] These methods have been shown to work quite well in clean-
ing graphene devices, but they require specific equipment and are capable of
cleaning only limited areas.

Despite the availability of many different cleaning methods, it is still diffi-
cult to achieve clean graphene. Therefore electronic devices made from graphene
are cleaned with current annealing. [238,239] This means driving a large current
density through the sample, which heats the sample until removing the residues.
Current annealing is often done for all samples whether they are made using
CVD, mechanical exfoliation or other methods, since it removes also molecules
adsorbed from air, which can deteriorate the transport properties. This is a con-
venient method when the device is complete, as it can be done, for example, in a
cryostat.

A quite recent development in making cleaner graphene is to tackle the
residue issue already before the transfer. With normal graphene CVD synthe-
sis, some amounts of amorphous carbon are unavoidably deposited on the sam-
ple. Perhaps the most important aspect in considering the reduction of deposited
amorphous carbon is the amount of copper vapor in the gas flow. When only the
flat copper surface is used as the catalyst, the amount of copper vapor decreases
as the graphene area grows during synthesis. As mentioned above, copper catal-
yses the dehydrogenation of the hydrocarbon precursors, but the catalytic activity
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is diminished as the amount of copper vapor in the gas stream decreases. This
on the other hand promotes the formation of amorphous carbon. The copper
vapor amount has been successfully increased by using copper foam on top of
the copper catalyst surface [240] and by using copper(II) acetate as the precursor
material. [241] The amorphous carbon can be also removed after the synthesis
by using CO; annealing. [242] All of these methods have been reported to work
well in achieving clean graphene. Interestingly, graphene samples produced with
these methods are very clean also after a normal PMMA transfer without any ex-
tra cleaning steps. This has been explained by amorphous carbon acting as an
"anchor" which helps the PMMA residues to stick on the graphene. Thus, when
the amorphous carbon is removed, also the PMMA detaches from the graphene
surface easily.

Similarly to various CVD methods, there is also a wide variety of different
transfer and cleaning methods, and one should carefully pick which method to
use according to the scale of the sample throughput and the requirements of the
tinal graphene product. For example, mechanical cleaning of graphene with AFM
equipment is not going to be used in large scale cleaning. Also, dissolving the
copper layer is not feasible in industrial scale, since using huge amounts of cop-
per is expensive, and additionally, it would create large quantities of hazardous
chemical waste. Therefore any transfer method that enable reusable catalyst sur-
faces are highly beneficial.



3 CHARACTERIZATION METHODS

Having a combination of good characterization methods is crucial, whether check-
ing the quality of graphene after synthesis or analyzing the effects of processing
methods to graphene. Since graphene is only surface, it is important that the tech-
nique is surface sensitive, while being gentle enough not to create defects to the
surface layer. Additionally, the ability to assess the number of graphene layers,
defect amounts, doping and strain is important. The main characterization meth-
ods used in this study were Atomic Force Microscopy, Raman spectroscopy and,
in the case of mechanical properties, nanoindentation. Other methods, such as
Scanning Electron Microscopy (SEM), can provide high resolution, but does not
offer much additional information to AFM and Raman. Additionally, electron mi-
croscopy techniques are likely to deposit amorphous carbon contaminants onto
samples, [243,244] and therefore they were not used for characterizations.

3.1 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a high-resolution microscopy technique. [245]
In AFM a very sharp tip is used to probe interatomic forces between the tip and
sample in order to record topography of the sample. AFM can be used in different
modes that slightly vary in how they function. Contact mode, where the tip is
constantly "touching" the sample surface was one of the first modes. It offers good
resolution, but causes large lateral forces, which can cause damages to the sample
and increase tip wear. [246] A more gentle imaging mode is tapping mode, in
which the cantilever of the probe is set to oscillate near its resonance frequency
and the topography information is deduced (usually) from the amplitude change
of oscillation. While the oscillating tip taps the sample, the contact is softer and
shorter in duration and therefore imaging is gentler than in the contact mode,
leading to longer tip lifetimes and less damage to the sample. [247-249]

The imaging mode used in this study was PeakForce Tapping (PFT) mode,
[250] which is trademarked by Bruker. Instead of driving the probe near the reso-
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nance frequency of the cantilever, in PFT the cantilever is not driven to oscillate at
all. Instead, the tapping motion comes from the z-piezo. During each tapping cy-
cle, the system records the deflection curve of the cantilever, which can be trans-
formed to force curve when the cantilever spring constant is known. Therefore,
PeakForce Tapping mode is much closer to force volume mapping than tapping
mode. The difference between force volume mapping and PFT is that in force vol-
ume the drive signal is a triangle wave, while in PFT it is sinusoidal. This allows
a better force control, since with sinusoidal signal the the z motion of the tip de-
creases already when approaching the sample surface, while with triangle wave
the directional changes are ideally instantaneous. PFT is gentle enough to image
biological samples, such as living cells [251] and DNA [252], without damaging
them while still having good resolution.

3.2 Nanoindentation

Nanoindentation is a method used to measure mechanical properties of a sample.
This can be done with a specialized nanoindentation equipment, but oftentimes
AFM systems are capable of doing these measurements. The method involves
pressing of very hard indenter tip into the material being measured and record-
ing force vs. displacement curve. [253-255] Analyzing the force curve allows to
determine for example Young’s modulus of the sample material. The mechani-
cal properties of graphene can also be measured with nanoindentation, although
the technique is slightly different if graphene is suspended over an opening. In
this case the probe does not have to be as hard nor stiff and the model to calcu-
late the mechanical parameters is different. Lee et al. were the first to measure
single layer graphene using this method. [13]] To calculate the mechanical param-
eters from the force-displacement data they modelled the graphene membrane
as a linear isotropic elastic material that is circularly clamped. When the loading
happens at the center of a circular membrane the force-displacement behaviour
is characterized by equation [256,257]

EZD 3
F= (o) o+ (R—f> 5, (1)

where F is the indentation force, R is the radius of the membrane, agD is the film
pretension, J is the indentation depth, E?P is the two-dimensional elastic mod-
ulus, and g = 1/ (1.05—0.15v — 0.16v?) is a dimensionless constant, where v
is the Poisson’s ratio. Young’s modulus (E®P) can be calculated from E?P using
relation E3P = E2P /¢, where f is the thickness of the material. Because of this re-
lation E?P is sometimes called 2D Young’s modulus but here it is called 2D elastic
modulus to draw a distinction from more commonly used 3D Young’'s modulus.
With graphene and other 2D materials E2P is more a valid value to report. This
is largely because talking about 3D Young’s modulus, i.e. a bulk material prop-
erty, of a 2D material is a bit problematic. Another reason is that determination
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of exact thicknesses of these materials is not straightforward. For example, direct
measurements of single layer graphene thicknesses often yield values between
0.4 — 1.7 nm, [258] and this can vary depending on the measurement technique.
Therefore, instead of measuring the thickness from each sample, it is often taken
to be 0.335 nm, which is the layer separation in graphite. It can be questioned
how meaningful it is to define graphene thickness to be graphite layer separation,
since their environments are very different. However, in this thesis the focus is
on EZP, but the E3P values are also mentioned, since it is comparable with other
materials and also since many people as accustomed to think Young’s modulus
in units of Pa.

It is assumed in equation |I| that the bending stiffness of graphene is negli-
gible. Since graphene is an atomically thin material, this is a valid assumption
for the vast majority of cases. Originally bending stiffness of graphene was de-
termined from phonon spectrum of pyrolytic graphite to be 1.2 eV. [259] Later,
several studies have determined the bending stiffness to be in the range of 1-2 eV
using various computational methods. [260-268] Lindahl et. al measured bend-
ing stiffness of 7.1 eV from single layer graphene with an electrostatic actuator
device, although their error margin was large. [269] However, thermal fluctua-
tions and static rippling of the films can increase bending stiffness of graphene
and other thin films. [270-273|] Highest bending stiffness value measured for rip-
pled graphene outside of our work has been in the keV range. [274]

The bending stiffness might not be negligibly small when the material has
more thickness, or when for example when the sample morphology increases the
stiffness. When the bending stiffness is non-negligible, the force-displacement
behaviour is [275]

2D ;3
F— (1%[) + a&%) 54 (ER—;]) 53, )
where D is the bending stiffness.

A difficulty in the analysis of these force-displacement curves is the deter-
mination of zero point of indentation, i.e. the point where the tip is touching the
sample but not yet exerting any force to it. To overcome this issue, by writing
F = f— foand § = Z — Jy, equation 2 can be modified to:

f—fo=ki(Z—d)+ko (Z—6)°, (3)

where f is the measured force, Z the absolute piezo movement in z direction, fy
and ¢, are zero points for force and indentation respectively. k; = 167tD/R? +
UgDn and k, = EZDL]3 /R? are linear and cubic coefficients. For fitting, this can be
written as

f= (fo —ky6o — k2503> + (k1 + 3k2502) Z — (3kobo) Z% + ko Z5. (4)

By using this fitting function human input is not required, but the zero point
values become fitting parameters fy and éy. This approach has been used also in
previous studies. [276]277]]
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A schematic of the cantilever flexing and its relation to the force curve is
presented in Figure [} When the tip is far away from the sample (i) the cantilever
is not flexing at all and thus the detected force is zero. Once the tip gets near the
sample (ii), attractive van der Waals interactions pull the tip into contact with the
sample, flexing the cantilever downwards and causing the negative force regime.
This phenomenon where the force dips below zero is sometimes called "snap-in"
or "snap-to-contact". When the probe is pressed further down, repulsive forces in-
crease until the cantilever is again straight and the force is zero (iii). This point is
sometimes called the zero point of indentation. After this the force keeps increas-
ing as the tip is pressed to the sample (iv). After the zero point the force curve
is following equation [2, however the indentation force has to be high enough to
cause enough deformation for the calculations to be accurate. In article [AV] the
force was limited to 500 nN, which is less than the force expected to break the
membranes, but large enough to cause enough deformation.
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FIGURE 4 Indentation curve of optically forged graphene sample. Pictures in the graph
show cantilever flexing at the specific point.
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3.3 Raman spectroscopy

Raman scattering is inelastic scattering of light, where the photons are scattered
by phonons. [278] In Stokes Raman scattering an incident photon excites an elec-
tron hole pair, which then scatters with a phonon before relaxation of the electron
hole pair and emission of another photon. The energy of the scattered photon is
lowered by the energy of the phonon, which can be detected spectroscopically if
the light source is monochromatic. By convention, Raman spectrum is most often
presented in units of cm~! and relative to the Rayleigh peak (elastically scattered
light). Oftentimes the electron is not excited to any real electronic or vibrational
state, but to a very short-lived virtual state. However, when the transition is to a
stationary state, the process is resonant and the intensity is strongly enhanced.

3.3.1 Raman spectrum of graphene

Raman spectroscopy is one of the most important graphene characterization meth-
ods. By analyzing the peak positions, widths and intensities, it is possible to ex-
tract information about number of layers, doping, strain and defects in graphene.
Additionally, it is nondestructive and does not require vacuum conditions, like,
for example, electron microscopes do.

Figure 5/ shows a Raman spectrum of single layer graphene with the main
Raman bands labeled and schematics of main Raman processes. [279,280] The G
band at about 1580 cm ™! originates from sp? C-C bond stretching. Mechanism
is presented in Figure b). It comes from Ep; mode iTO and iLO phonons in
the center of the Brillouin zone, or the I' point of the Brillouin zone shown in
Figure b). The G band is present in all sp? carbon materials, including carbon
nanotubes, graphite and amorphous carbon, although the band shapes vary be-
tween these. [281] The D band at about 1350 cm ™! originates from the breathing
mode of the carbon rings, corresponding to iTO phonons at the Brillouin zone
corner, the K point. The mechanism is shown if Figure [J(c). The excited elec-
tron is scattered to K’ and requires an elastic backscattering with a defect to fulfill
momentum conservation and therefore to be active. Two of the transitions are to
stationary electronic states, making the process double resonant. [282] Since the
process connects two points at nonequivalent K, it is called intervalley process.
The D’ band at about 1620 cm ™! (Figure d) has very similar mechanism to the
D band, also being double resonant and requiring defect backscattering. It is as-
sociated to iLO phonon mode and the process is intra-valley, since it connects the
points in the same K point. The 2D band at about 2700 cm~! (Figure e) shares
similar pathway as D. It is also double resonant, but instead of satisfying the
momentum conservation by defect backscattering, its mechanism involves two
iTO phonons with opposite momentum. The shape of the 2D band is defined by
a single Lorentzian when graphene is single layered, but with extra layers the
2D band splits into four sub-bands, which enables the determination of whether
the graphene is single layered. [283] In single layer graphene the 2D band is of-
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FIGURE 5 a) Raman spectrum of defected graphene. b-e) Schemes of Raman scattering
mechanisms of the graphene’s four main bands.
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ten more intense than the G band, which is another indication of single layer
graphene. However, the 2D band intensity is sensitive to doping and defects,
which makes it much less reliable than the band shape. In addition to the bands
mentioned here, graphene has several other modes as well, but as they are not
very intense, they are not often used in analyses.

3.3.2 Strain and doping

The effect of doping on the Raman spectrum of graphene has been studied and
interpreted quite extensively. [279,284-290] The effects are visible in all of the
main bands, however the G and 2D bands are the most useful since they are in-
tensive even in defect-free graphene. For the G band, the effects of doping are
upshifting of the peak position and narrowing of the FWHM, both of which hap-
pen with both hole and electron doping. [286,291}292] Narrowing of the G band
is due to Pauli blocking of the electron-hole pair decay, when Er gets higher than
half the phonon energy. [284] While the G band FWHM could be used to estimate
the doping levels, this works only for low doping since it saturates quickly as
doping increases. [287,293] Additionally, this does not work when defect amount
is high, since the FWHM is increased by defects as well. [294-296] In pristine
graphene strong electron-phonon coupling causes Kohn anomalies, or lowering
of the phonon energy, near K and I' points. [297-300] Doping causes a nonadi-
abatic removal of the Kohn anomaly at K, which in turn increases the phonon
energy and thus is causing the doping dependency of the G position. [280,293]
Since the G position upshifts with both hole and electron doping, it cannot be
used alone to estimate doping without knowing the type. Intensity of G band
can increase under high p-type doping due to blocking of destructively interfer-
ing scattering pathways. [39,301] Additionally the G position is sensitive to strain,
which will be talked about later.

The 2D band undergoes changes as well when doping changes. The inten-
sity of the 2D band decreases with both electron and hole doping due to increased
e-e collisions. [302] The 2D position increases with hole doping, while with elec-
tron doping it stays roughly constant until starting to decrease when the Er gets
high enough. [287,293] This behaviour is caused by doping changing the lattice
parameter. [293] Since the G position always increases as doping increases, using
both the G and 2D positions allows to determine the doping levels.

The effect of strain to Raman bands is relatively straightforward. Strain
causes change of atomic separations, which changes the energy landscape. Com-
pressive strain causes an increase of the phonon energy while tensile strain de-
creases it. [303-309] If the strain is in one direction, i.e. if it is uniaxial, the sepa-
rations are different depending of the lattice direction, which in turn causes split-
ting of the Raman peaks, if the strain is high enough. [307,310-313] All the bands
shift linearly to the same direction, which is a deviation from the effect of doping
on the graphene Raman spectrum, which allows one to determine the levels of
both doping and strain when both are present. Strain could be determined from
the other Raman bands, for example the 2D’ band, [314] though it is not that usual
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since they have lower intensities.

To merge the information above, doping and strain from the Raman spec-
trum can be estimated most accurately from G and 2D band positions. This
method was published by Lee et. al, [315] although a similar analysis proce-
dure was published also by Mueller et. al [316]. In order to calculate these val-
ues, sensitivity factors of both of them to the Raman band positions have to be
determined. The effect of biaxial strain on the G band frequency can be esti-
mated with a sensitivity factor of —69.1 cm~1 /% [315], which is an average value
from previous studies [305306,310]. Doping can be estimated simply by n =
(Eg/ (hvr)) /t, where n is carrier concentration, Er Fermi energy and vr Fermi
velocity. Shift of the G band frequency is given by Awg = Ef x 42 cm™!/eV [39].
Figure [6| shows a plot of G and 2D band positions with annotations showing
directions of increasing doping and strain, values for both of them and rough
examples of the band positions under different conditions. Pristine graphene
is at about 1581 cm~! G and 2671 cm~!. The red region presents a situation
where graphene is fabricated using CVD and transferred with PMMA support
layer, which leads to graphene which is p-type doped due to residues, and also
compressively strained due to mismatch of thermal expansion coefficients be-
tween graphene and copper and transfer caused straining. [317,318] The cyan
region is graphene after annealing at about 300 °C, which does remove some of
the residues, but also increases the graphene-substrate conformity. This leads
to graphene having stronger coupling to the substrate and therefore also higher
doping level. [315,319]

3.3.3 Defect analysis

Raman spectroscopy is often used to characterize defects in graphene. [280,281,
294,320-323]] As a two-dimensional material, the defects in graphene can be zero-
dimensional point defects or one-dimensional line defects. Point defects can be
for example additional functional groups, dopants, vacancies or just a bond ro-
tation in the case of a Stone-Wales defect. [324] Line defects are most often grain
boundaries between graphene crystals originating from graphene synthesis. [325]
The relation between crytallite size and the area intensity ratio of the D and G
bands was presented originally by Tuinstra and Koenig as Ap/Ag « 1/L,, where
L, is the crystallite size. [326] The area intensities are marked here as Ap and Ag
to clearly differentiate them from maximum intensity values Ip and I, although
both notations are used in literature for area intensities. Ferrari and Robertson
noted that for very small crystallite sizes (< 2 nm) the D band is more affected
by disorder than G, since the D band originates from the breathing mode of six
carbon atoms and G band only involves a vibration of two atoms. This changes
the relation to Ap/Ag o« L2 for small crystallite sizes. [327] This relation was
further studied by Cangado et al. [320]

More recently, there has been several studies about the effect of defects
on the graphene Raman spectrum. Some notable studies include investigations
on how point defects affect the Ap/Ag and the full width at half maximum
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FIGURE 6 G and 2D graphene Raman peak position plot. Arrows show the directions
of increasing strain and doping. Different colored regions show how the
positions under different conditions.

(FWHM) of the G band. [296,328] In ref [328] authors created a model to explain
the changes in the spectrum, where two regions surround a defect. At about 2
nm radius from the defect is a structurally damaged region and between 2 nm
and 4 nm is an activated region. The activated region is non-damaged graphene
within electron coherence length from a defect, meaning that it contributes to D
band intensity. As defect separation decreases (i.e. defect density increases) the
activated regions increase leading to increase in sharp D band, but when the sep-
aration gets below 4 nm the damaged regions start to dominate. This leads to
broadening of the peaks and ultimately lowering the Ap/Ag, since the D band
is related to the breathing mode of the six member ring and is affected more than
the G band, which requires only two atoms. A similar model was later made for
line defects as well, though naturally the defected regions were defined as struc-
turally damaged and activated ribbons instead of circles. [295] In ref [323] authors
determined how excitation laser wavelength affects the Ap/Ag ratio.

Cangado et al. combined these approaches into a single model capable of
estimating the amounts of point and line defects from a sample containing both
defect types. [329] The model is based on the integrated intensity ratio of the D
and G bands (Ap/Ag) and the G band full width at half maximum (I'g) having
different behaviors for line and point defects. The equation used to calculate
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where E| is the energy of the Raman laser, L, is the graphene average crystallite
size, Lp the average distance between nearest defects, C2, CLP, C%P, and CIP
differential Raman cross-section coefficients for either point (0D) or line (1D) de-
fects, rs the radius of the structurally damaged area of point defects, Is the width
of the structurally damaged lines and /, the electron coherence length. Letters S
and A in Raman coefficients refer respectively to structurally damaged areas or
areas activated by the defects. Equation [5is scaled with E} in order to make mea-
surements with different laser wavelengths comparable. [323] The full-width at
half maximum of the G band was [295]:

I (Lo, Lp) = I'(00) + Cre~ ¢/l (6)

where I'(c0) is the FWHM of the G band with infinitely large L,, Cr is a parameter
related to the phonon dispersion relation, ¢ the phonon localization length and
Ipn the phonon coherence length. ¢ is the minimum value between L, and 10 Lp.
Values for all the parameters are presented in Table

TABLE 1 Parameter values for defect analysis.

’ Parameter \ Value (unit) ‘

Cr 87 cm~!
T(c0) 15cm~!
[ 16 nm
CiP 30.3 eV*
clp 30.4 eV*

I, 4.1 nm
lg 2 nm
CgD 51 eV*
cop 26.5 eV*
rs 2.2 nm

Figure |Z] shows a plot of (Ap/Ag) - E} versus I'g calculated from equations
and @ Pristine graphene without any defects would be at zero (Ap/Ag) - E}
and 15 cm ™! T';. Different colored regions are meant to help the understanding of
the plot. Orange strip highlights the case where there are no line defects and point
defect concentration increases (dashed black line). Dark blue region shows the
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opposite case, where there are no point defects and the size of graphene crystal-
lites decrease (solid black line). The red area shows a region where both increas-
ing point defect density and decreasing crystallite size cause roughly the same
effect of decreasing Ap/A¢ and increasing I', meaning that the model does not
give unambiguous solutions to the defect amounts. Cyan region is where both
defect types exist and their amounts can be estimated. The figure has additional
lines calculated with constant defect densities of np = 1-10'? cm ™2 (red dash-dot
line) and np = 5-10'! cm~2 (blue dash-dot line) with decreasing L,. These lines
also demonstrate how the decrease of L, primarily widens the G band, and the

increase of point defects increase Ap/Ag ratio.
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FIGURE7 Defect plot showing (Ap/Ag) -E% as a function of I'c. Orange region fol-
lowing the dashed black line shows region where the defects are predom-
inantly point defects and dark blue region following the solid black line
shows the region where the defects are predominantly line defects. The cyan
area shows a region where the graphene has a mix of both types and densi-
ties can be calculated. Red colored area shows a region where the point and
line defect concentrations cannot be determined reliably. The regions are not
definitive, but only there to help to understand the plot.

A notable issue is that an underlying assumption for the entire defect anal-
ysis described here is that other things that affect the Raman spectrum, mainly
number of layers and doping, are known. As pointed out by authors in ref. [329],
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I'; is sensitive to these, especially on the left hand side of the plot. In fact, often-
times the I'; falls between 10 — 15 cm ™! just because of the silicon oxide substrate
or residues from transfer. Additionally, and arguably even more consequentially,
doping decreases the Ap/Ag ratio, [287] meaning that the analysis can easily
give wrong results if doping is not taken into account, and this affects the results
in the entire plot, not just at an extreme.



4 PULSED LASER MODIFICATION OF GRAPHENE

Laser based methods suit very well for modifying graphene and other 2D ma-
terials, since the effect can often be limited to the surface layer of the sample.
Additionally, laser modifications can often be done directly to the sample with-
out multi-step processes, chemical treatments or masks. There have been several
studies on modification of graphene or other 2D materials by pulsed laser irradia-
tion from micropatterning [330,[331] and layer thinning [332),333] to general abla-
tion. [334,335] In addition to simple physical removal of material, laser treatments
can also induce chemical reactions, for example, graphene oxide reduction. [336]

This work centers on modification of structure and properties of graphene
using a femtosecond pulsed laser writing method called optical forging. This
method causes neither removal of material through ablation nor chemical reac-
tions with oxygen or other non-carbon atoms, but generates lattice defects.

4.1 Description of the femtosecond laser setup

All the laser patterning work in this thesis was done with a home-built femtosec-
ond laser setup. For all processing in this work the same laser (Pharos-10, 600
kHz, Light Conversion Ltd.) was used. Laser pulse processing was done with
non-collinear optical parametric amplifiers (NOPA, Orpheus-N, Light Conver-
sion Ltd.). In majority of cases 250 fs pulses centered at 515 nm were used. For
some patterns in [Al] shorter 30-40 fs pulses centered at 560 nm were used. The
beam was focused into a single Gaussian spot with a microscope objective (Nikon
LU Plan ELWD 100x/0.80).

Writing of the patterns is done by scanning the sample using a piezo stage
(Nanomax 300, Thorlabs Inc.). The laser writing processes can be controlled with
pulse energy and time that each spot is being irradiated. Typical values for pulse
energies range from a few to a few hundred p]J, and irradiation time between
0.1 — 10 s. For larger than single-spot structures an additional parameter is spot
separation, which is 100 nm unless otherwise specified. In order to do optical
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forging, i.e. prevent oxidation, the samples were placed inside a closed chamber
that was purged with N.

4.2 History

Laser patterning studies in Jyvaskyld originated from four-wave mixing (FWM)
imaging studies of carbon nanotubes. The FWM signal was stable when the nan-
otubes were exposed to the pulsed femtosecond laser irradiation under argon
atmosphere. However, once the argon purge was turned off, the signal decayed.
This was contributed to laser induced oxidation of the nanotubes via a multipho-
ton process. [337]]

The same loss of signal happened also with graphene. The cause of this was
confirmed to also be laser irradiation induced oxidation by a two-photon process,
[338] which makes sense since carbon nanotubes and graphene are chemically
very similar. Growth dynamics of the oxidation were studied by using single spot
exposures. The oxidation patterns were determined to originate from small spots,
which grow into a uniformly oxidized pattern with higher doses. [339] Chemical
composition of two-photon oxidized graphene was identified to mainly contain
hydroxyl groups and epoxy groups, indicating that water has an important role
in the oxidation process. [340]

Large oxidized patterns can be manufactured by exposing several single-
spot exposures right next to each other so that they partially overlap. By scanning
the sample this way, continuous patterns up to tens of microns have been made
with the setup described above. Upper limit of the pattern size that can be writ-
ten is essentially the scan range of the sample stage. However, if large patterns
are required, it is more convenient to use an objective with lower magnification
to speed-up the process. Lower limit of the pattern size is diffraction limited,
smallest linewidth being roughly 500 nm.

4.3 Optical forging

4.3.1 Effect of optical forging

Seeing that under oxygen containing atmosphere the pulsed laser irradiation
causes oxidation, this naturally raises a question of what happens if the same
process is performed in an oxygen-free atmosphere. Interestingly, patterns were
still formed, when similar square patterns were written without oxygen. These
structures were not ablated, since they still exhibited the Raman peaks charac-
teristic to graphene after the laser irradiation. Additionally the patterns were
clearly visible under optical microscope and AFM imaging showed that they had
grown in height considerably. Since the irradiation causes the exposed graphene
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regions to bulge outwards, analogously to metal sheet being dented by a ham-
mer, this processing is called optical forging. Figure |§ shows a variety of differ-
ent structures that can be fabricated using the optical forging method. Unlike
with two-photon oxidation, where the height of the patterns maxes out at about
2 nm, patterns made without oxygen are rising consistently as irradiation dose
increases. Heights of the patterns exceeded 100 nm with high irradiation doses
(see Figure [8c). [AI] The images in Figure [§] clearly show that with this method
formation of the patterns is well controlled both in xy direction and in z direc-
tion. It is important to note that the optically forged patterns are stable. Even
after months of storing, either no change or only a slight decrease in the height of
the patterns is seen.
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FIGURE 8 AFM images of optically forged graphene patterns. a) Step pyramid struc-
ture made by irradiating square patterns on top of each others. The field
of view (FOV) is 17 x 17 um? b) Line profile along the dashed line in a). c)
Dome-like structure with a height of 115 nm. FOV is 1.8 x 1.8 um?. d) Grat-
ing structure. FOV is 20 x 6.7 um?. e) Chiral structure where the pattern
height increases towards the middle. Maximum height is 31 nm. FOV is
8 x 8 um?. f) Matrix of square patterns. Maximum height is 20 nm. FOV is
19.8 x 14.7 um?. g) Torch with a bitmap image (on the right) used to write
the pattern. Maximum height is 6 nm. FOV is 3.5 x 7.4 pm?. Inset: Simu-
lated pyramid with the same dimensions as in a). In all the images z-axis is
exaggerated enhance visualization of the structures. Reprinted with permis-
sion from [Al]. Copyright © 2017 American Chemical Society.
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Square patterns fabricated with the optical forging method are presented
in Figure [0} showing typical characterization results with different imaging tech-
niques. The optical microscope image in Figure 0(b) shows that the forging pro-
cess causes a color change at the patterned areas, and that the color becomes more
intense with higher irradiation times. The change of color coincides with the in-
crease of the height of the patterns, seen in the AFM image in Figure [9(c). In
Figure [9(d) is a Raman D band map, i.e. an image showing integrated intensity
of the Raman D band gathered from each spot. This shows yet again the same
trend: the D band intensity increases consistently with exposure time. This result
shows that optical forging causes lattice defect formation. Still, it is important to
underline that characteristic carbon Raman bands are still present after forging,
which can be seen from Figure 21| and also from Raman spectra shown in all of
the included articles.
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FIGURE 9 Set of patterns fabricated using optical forging of graphene on SiOx with
160 pJ pulse energy. (a) Forging pattern showing irradiation times per single
spot in each square. (b) An optical microscope image of the optically forged
patterns. (c) An AFM image of the patterns. (d) A Raman map of the patterns
constructed by integrating the spectra over the D band (between Raman shift
of 1326 — 1373 cm ™).
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The results highlighted in Figures[8|and [Jraise multiple questions about the
exact content of the patterns and the formation mechanism. In article [Al] opti-
cally forged patterns were characterized using X-ray photoelectron spectroscopy
(XPS). These results show that there is no significant change in chemical compo-
sition of the graphene sample. This means that no oxygen or other elements were
observed to bond with the graphene. However, the C 1s spectrum does widen
slightly due to optical forging, indicating that more of the carbon becomes sp?
hybridized. This is essentially the same result as we can see from the Raman
spectra. In article [Al] the proposed reason for the formation of the 3D structures
is local lattice expansion caused by the defect creation. This proposal was also
tested with simulations based on thin sheet elasticity theory. Results from the
simulations show that the forged patterns can be reconstructed by locally strain-
ing the graphene, showing that the proposed mechanism is at least possible. A
Stone-Wales defect could be the type of defect that optical forging causes, since
its formation energy is quite low and it does not require any addition of removal
of atoms, but just a 90° bond rotation. Additionally, it causes suitable amount of
lattice expansion.

4.3.2 From single spots to complex structures

Before going into details about how optical forging alters the crystalline struc-
ture of graphene, I am first presenting how the structures form on a larger scale.
The most simple structures are made by exposing graphene only at a single spot.
Since single spot exposures causes small bulged structures with circular symme-
try, these structures are called blisters. Larger and more complex structures are
made the same way as larger oxidized patterns, by overlapping several single
spot exposures partially on top of each others. Since single blisters are essentially
building blocks for larger structures, studying their formation can give important
insight as to how and why larger structures form into the shape that they do.

AFM images of several single blisters with varying growth conditions are
presented in Figure Figure shows well how the shape of the blister can
be drastically different when patterning parameters (pulse energy and irradia-
tion time) are changed. This is highlighted in Figures [10(b-e). First shape that
develops with the lowest doses is a single dome (Fig. [I0[(b)). When graphene is
irradiated with higher pulse energy the center of the blister bends down, while
the edges keep growing, forming a ring structure (Fig. [10(c)). If the pulse energy
is still increased, a new smaller central dome appears in addition to the ring walls
(Fig. [10(d)). Finally, with the highest doses the second central dome disappears,
leaving a structure with two rings (Fig. [I0(e)). Other examples of blisters with
varying shapes, such as more fringes, are shown in articles [All] and [AILL]. Blis-
ters shown in Figures[I0(b-e) are made by increasing the pulse energy while keep-
ing the irradiation time constant, but similar development of the blister shape is
noticeable also with changing irradiation time. The effect is not exactly the same,
though. Usually longer irradiation time causes higher structures than if the struc-
tures have been made with higher pulse energy, even if dose is equal.
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FIGURE 10 AFM images of single spot optically forged graphene, i.e. blisters. a) Matrix
of blisters made with different irradiation times and pulse energies. (b)-(e)
Zoomed in images with 150 s irradiation time and pulse energies of (b) 20
pJ, (c) 40 pJ, (d) 80 pJ and (e) 120 pJ. All the images have the same color
scale.
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The initial formation of a single dome is reasonable, since the laser beam
line shape is single Gaussian. However, the latter formation of the various differ-
ent shapes is not obvious. Ring structures in Figure |10 are as thin as 100 nm at
FWHM, well below the diffraction limit. Additionally, sizes of the entire blisters
are wider than the laser spot size when the dose is high enough. These types of
observations are very difficult to explain with straightforward ablation or depo-
sition of some unknown material. In the final step, laser energy is high enough
that it might be possible that the hole in the middle can be caused by ablation,
however, this does not help to explain the other shapes. It is important to also
note that the typical fluencies used during optical forging are much lower than
the ablation threshold, see article for details.

As explained above and in article [AI], the process of optical forging causes
formation of lattice defects in graphene, which in turn causes expansion of the
lattice. In article formation of these various shapes was explained with in-
terplay of the lattice expansion and graphene adhesion to SiOy. In article it
was noted that if a new blister is made close to existing blisters, the shape of the
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FIGURE 11 Predicted shapes (left) and AFM images of patterns (right) made using op-
tical forging using bidirectional, inside-out and outside-in patterning path-
ways. All the patterns have been made with 100 pJ pulse energy and 10
s exposure time per spot. Separations between spots were Ax = Ay =
0.1; 0.3; 0.5 and 1 um. All scale bars are 1 um. Reprinted with permission
from [[AIIT]. Copyright © the Royal Society of Chemistry.
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new blister is affected by the existing ones. This can also be seen from lower right
corner of Figure|[11| where the outer blisters have been made before the inner four
blisters, and the inner ones have lower height. This does not prove the proposed
explanation of blister formation by lattice expansion, but it does add credibility
to it, since altered inplain strain can explain how the effect extends beyond the
blister area, while this cannot be explained with material deposition.

The above-mentioned order of blister formation can be used to explain or
predict shapes of larger patterns, since larger patterns are formed from many sin-
gle blisters close each other. In Figure 11| the shape of the resulting pattern (on
the right) is explained by constructing square patterns from single blisters using
three different patterning pathways (on the left) and using four different separa-
tion distances between neighboring blisters. In Figure |11, when studying images
in the middle rows (with 0.3 pum and 0.5 um separation), it can be seen that a new
spot irradiation and blister formation does not change the shape of the old blis-
ter, but the new blister forms only in the area that has not been exposed before.
The real patterns made with optical forging are clearly following the predicted
pattern. While the images with smaller overlap clearly show that a new blis-
ter structure forms only at unirradiated areas, with the highest overlap (0.1 um
spot separation) the individual blisters are so close to each other that the final
structures appear to have a smooth top surface. The height of the large square
structure can be seen to increase when blister separation decreases, which is due
to increased dose.

4.3.3 Defect formation

As it has already been alluded, the process of optical forging causes lattice defects
in graphene. Defect development was studied in article [AIV]]. This was based
on defect analysis using the intensity ratio of D and G Raman bands and the G
band FWHM, as explained in section[3.3.3]

However, with higher irradiation dose the point defect concentration starts
to decrease. In fact, according to this analysis, with pulse energies of 120 p]J, 140
pJ and 160 p]J the point defect concentration decreases so much that they disap-
pear completely. This can be seen from Figure[12(b), where data points with these
pulse energies overlap or even fall below the solid black line, which is a theoreti-
cal line for the case where the graphene sample has only line defects. Since some
of these measurement points would result into negative point defect densities
they are not shown in Figure [12(c). The graphene crystallite size decreases (i.e.
the line defect amount increases) the entire time with all pulse energies, except
for the lowest (30 pJ). The decreasing crystallite size in Figure[12(d) coincides also
with increasing photoluminescence intensity that was measured from the square
patterns in Figure[I2(a), and this will be discussed in chapter

The formation of line defects during optical forging was also investigated
with computer simulations in article [AIV]. As in [Al], an attractive defect type
to use to explain these results is the Stone-Wales defect. This is because the SW
defect causes an asymmetric strain field. Due to this, the formation energy of a
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FIGURE 12 Defect development during pulsed laser irradiation. (a) Integrated pho-
toluminescence intensity between 1800 — 2400 cm~! divided by integrated
intensity of the G band versus pulsed irradiation dose. (b) Experimental
(Ap/Ag) Ef as a function of T (lines with markers). The solid black line
represents the case where graphene has only line defects and no point de-
fects, and the dashed black line represents the opposite. (c) Point defect
density versus irradiation dose. (d) Average crystallite area versus irra-
diation dose. Reprinted with permission from [AIV]. Copyright © 2020
American Chemical Society.

new SW defect right next to an existing one varies depending on which side of
the defect it is formed. At a suitable point the formation energy of a new SW
defect is lower next to an existing defect than for a new isolated defect. These
results suggest that SW defects can explain how the defects develop from point
defects to line defects that cut the graphene into small domains. This is an inter-
esting point since grain boundaries and line defects can cause bulged shapes in
graphene, [341}342]] possibly playing a role in formation of the optically forged
structures. This development has some similarities to two-photon oxidation,
where the oxidized area starts to form from very small spots and these islands
grow and connect at higher irradiation doses. [339] However, with optical forg-
ing the growth of additional defects does not appear to be isotropic.
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4.3.4 Lattice expansion versus deposition

Naturally three-dimensional patterns such as these could form as a result of ex-
pansion of the underlying substrate due to the high intensity pulses. [343] AFM
images of a mechanically exfoliated graphene flake in Figure 13| show that even
though the bare SiOy area around the flake was patterned, it cannot be seen in
the AFM images. Instead, only areas with graphene have a height difference.
The patterned area in Figure [13|is much larger than the flake (about 3 x 3 um?),
and the effect can also be seen from thicker graphene flakes in the upper left and
lower right corners of Figure [I3(b), but nowhere on the substrate or even the
residue particles around the flake. A similar point was made in [AI] with CVD
grown graphene. Also, in [Alll] some forged graphene patterns were etched us-
ing oxygen plasma, leading to bare SiOy surface where the pattern was. However,
it should be noted that in Figure |13 the forging process does not grow the size of
graphene flake in lateral direction. The edge shape of the forged flake is very
sharp, indicating that the shape is not completely caused by expansion of the
graphene, but deposition of material may play a role as well.

1.0 ym

1.0 um

FIGURE 13 AFM images of an individual graphene flake before (a) and after (b) optical
forging process. Region that was irradiated was approximately 3 x 4 um?,
which is outlined in (b).

It is important to note that optical forging does work with graphene sus-
pended over a hole, however there are differences compared to substrate sup-
ported graphene. All the fabrication details for suspended graphene samples are
described in appendix (I} Figure |14 shows AFM images and Raman spectra of
a freestanding graphene membrane before and after the optical forging process.
The difference in their shape is huge. Before the forging process the graphene
membrane is bending downwards. This is to be expected, since the graphene
fabrication and transfer process leads to compressively strained graphene. The
membrane is bending downwards since graphene’s adhesion energy to silicon ni-
tride (Si3sNy) is quite high. [344] After optical forging the membrane is bulging up-
wards from the substrate with clear corrugations. Maximum height of the mem-
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FIGURE 14 AFM images of a freestanding graphene membranes (a) before and (b) after
optical forging. (c) Raman spectra of membranes shown in (a) and (b). The
membrane was processed using 60 pJ pulse energy and 10 s exposure time
per spot and the separation between each spot was 0.1 pm.

brane is about 160 nm from the substrate surface, much higher than the depth
of the membrane before forging, which was 40 nm. Corrugations to the vertical
direction in Figure [14(b) might seem similar to corrugations caused by writing,
seen for example in Figures [9(c) and [11} However, the distance between corruga-
tions in Figure [14(b) is 350 — 400 nm, which is much larger than the 100 nm that
was used as the spot separation to forge this structure. Also, graphene on Si3Ny
does not bulge as on SiOy, which will be discussed later.

Raman spectra before and after the optical forging process in Figure [T4{c)
show that the membrane still consists of graphene, despite of the drastic change
in shape. The most drastic change is the appearance of a sharp and high inten-
sity D band, indicating a large increase of defects, which is in line with previous
results from optically forged graphene. The G band is not widening, which in-
dicates that the generated defects are point defects. With similar doses in Figure
the graphene crystallite size is already getting smaller. A possible explana-
tion to this discrepancy can be found from having different substrates. In Fig-
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ure (12| graphene was resting on ~ 300 nm SiOy thin film on silicon wafer. The
pulsed laser light can backreflect from the silicon interface and cause extra dose
compared to suspended graphene, which in turn explains why the crystallite size
does not decrease yet in Figure|14] Additional observations from the Raman spec-
tra are that the 2D band intensity increases and the band position downshifts, as
well as G band position. As explained in section these changes suggest
that doping decreases during the optical forging process. The small initial dop-
ing can be explained with polymer residues, as was described in chapter 2| These
residues can be seen in Figure[I4(a), but they are absent in Figure[I4(b). Therefore
it is safe to say that optical forging removes residues, which in turn neutralizes
the doping. Decrease of doping was seen in every measured membrane in arti-
cle [AV].

This is an important observation related to the idea that the structures formed
during optical forging are caused by deposition of some material. This material
would most likely be amorphous carbon, since XPS results indicate that there is
no significant change in chemical composition of optically forged patterns com-
pared to pristine graphene. Additionally, in Raman spectra there are no other
peaks than carbon and silicon peaks. However, there is evidence that some amount
of amorphous carbon is deposited on graphene on SiOx. This can be seen from
Raman spectra in article [AIV], where wide G and D bands appear in the spectra
in addition to the sharp graphene peaks. Optical forging has been tested with
13C labeled graphene and in this case only '?C related amorphous signal appears
(not shown here). This indicates that the amorphous carbon originates either
from polymer residues or carbon traces in the N, gas flow during the process.
The thickness of the residual polymer layer is maximally a few nanometers and
therefore does not contain enough material to explain the 3D shapes. The pat-
terns can be successfully formed under both nitrogen and argon gas purging,
which contain only trace amounts of carbon. Carbon could in principle be de-
posited onto the sample from the gas stream in a similar way as carbon contam-
ination builds up during electron microscopy. [243,244] It is worth to note that,
despite attempts, amorphous carbon has not been successfully deposited onto a
SiOy substrate without graphene. This elusive nature makes it difficult to exactly
asses how much of carbon gets deposited and how it affects the measurements.
Additionally, amorphous carbon cannot be the sole reason for all of the patterns,
since in some cases patterns with height of tens of nanometers do not show any
sign of amorphous carbon in their Raman spectra (i.e. widening of the peaks)
in article [AIV]. This is also the case in Figure where the height difference
before and after optical forging is about 200 nm. If this much amorphous car-
bon would be deposited onto the graphene membrane, there is no doubt that
this would show up in the Raman spectrum. Also, when graphene is irradiated
with low dose, the graphene membrane does not necessarily bulge out from the
surface. This is shown in Figure |15, where AFM images before and after opti-
cal forging and profiles extracted from them clearly present how the membrane
partially slumps down because of the forging process. This behavior cannot be
explained by build-up of material, but defect-induced lattice expansion leading
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FIGURE 15 Effect of low dose optical forging on suspended graphene membranes. Pan-
els (a) and (b) show before and after images respectively. The membrane
was exposed using 60 p] pulse energy, 2 s exposure time and 100 nm spot
separation. Panels (c) and (d) show line profiles from the lines in (a) and
(b). The directions of the lines are from up to down and from left to right.

to relaxation of the shape can.

Optically forged patterns can have different Raman spectra even though
they have the same height. This is presented in Figure (16| Square patterns shown
here are made on same graphene sample with different exposure parameters. The
square heights, measured from the AFM images, are almost identical. Shapes of
the squares are slightly different with square in [16(b) having rippled structure,
while square in[I6{(a) is smoother. This is a result of blister shape being different
by using different irradiation parameters. In[16(a) the blister is shaped as a dome
and in [16(b) as a ring, akin to Figures [10(b) and [10[c) respectively. The square
pattern in [I6(a) made with 30 pJ has sharp Raman bands with the D band be-
ing the most intense of all the bands, indicating high point defect density. The
square pattern in[16(b) made with 160 p] has much more intensive background
luminescence, wide D band and a wide shoulder right next to the sharp G band,
indicating presence of amorphous carbon. These spectra suggest that there is al-
most no amorphous carbon deposited onto the graphene during optical forging
when the pulse energy low, but the 3D shape is formed nevertheless. This is a
clear indication that either graphene causes the 3D shape or deposited material
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is different. However, there is no evidence of any other material than graphene
and amorphous carbon either in Raman spectra or anywhere else. Therefore it
can be suggested that most of the bulging seen in[16(a) is from graphene bulging,
however more studies are needed to confirm this.
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FIGURE 16 Comparison between two optically forged squares with average heights of
21.8 nm in (a) and 21.7 nm in (b). Square in (a) was patterned using 30 p]
pulse energy and 5 s irradiation time per spot and square in (b) 160 p] and
0.7 s. (c) Raman spectra from the middle of the squares in (a) (red spectrum)
and (b) (black spectrum). The squares are on the same graphene sample.

Deposition of material on suspended membrane is presented in Figure
AFM images before and after the optical forging show that during the process
the membrane height increases up to 25 nm, but the increase is not uniform ev-
erywhere on the membrane. Raman spectra in Figure [17(c) show yet again that
defects are formed during the process, but there is no sign of amorphous carbon
or any other deposition. However, height differences in [17(b) are also visible in
TEM image in Figure[I7(d). This can be seen even more clearly from Figures[17|e)
and [17(f), which are from a different membrane. Note that on the highest features
in[17(e) on the lower left part of the membrane, which are the darkest features in
[I7(f), are residues and not a result of optical forging. However, the four ridges
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FIGURE 17 AFM images of a graphene membrane (a) before and (b) after optical forg-
ing process. The membrane was irradiated using 60 p]J pulse energy, 0.5 s
exposure time per spot and 100 nm separation between spots. (c) Raman
spectra measured from membrane in (a) (black) and (b) (red). (d) TEM im-
age after the process. (e) and (f) show AFM and TEM images of another
membrane, irradiated using 60 p] pulse energy, 2 s exposure time per spot
and 100 nm separation between spots. All scale bars are 500 nm.

in the images are caused by optical forging. They are clearly visible in both im-
ages and the taller the structure is in the AFM image, the darker that structure
is in the TEM image. This indicates that there is a thickness difference between
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different regions, however this material does not show up in Raman spectra. It is
not clear what this material exactly is, but the situation is very similar to Figure
although when the graphene is suspended the height modulation is not even
and does not follow the patterning, as it does when graphene is on SiOx. The lack
of any Raman signals suggests that the deposition is quite thin, however more
studies are needed to determine the exact content of it.

There is an additional interesting observation when a suspended graphene
membrane is forged. Figure |18 shows AFM images of two suspended graphene
membranes before (a,c) and after (b,d) optical forging. In the after images in Fig-
ures[I8(b) and [1§(d) clear ring structures can be seen surrounding the openings.
Black squares around the openings show the region that was forged. Image sizes
in the panels (a) and (c) are smaller than in (b) and (d) since the the formation of
the rings was not foreseen. However, it is clear that the structure was not present

(@)

FIGURE 18 AFM images before (a,c) and after (b,d) optical forging of suspended
graphene. Graphene in (b) was irradiated with 60 pJ pulse energy and with
10 s irradiation time per point. In (d) pulse energy was also 60 pJ and 3 s
irradiation time per point. Black squares in each image shows the exposed
area.
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before the forging process. The rings can be seen to clearly follow the shape of
the opening instead of the written square shape. This structure can be observed
only when the membranes are forged with a high dose. The structure formation
is similar to the effect seen with blisters, where the ring structure forms outside
of the maximum intensity of the laser beam. However, the scale of the effect seen
in Figure (18 is much larger. In fact, at some regions of the rings the graphene
was not exposed to the pulsed laser light at all, but the structures are formed
nevertheless. This is another example how there are long-range effects related to
optically forged graphene that are best explained by strain relaxation.

A closer look at what happens to graphene that is optically forged on SizNy
substrate is presented in Figure Figures [I%a) and [19(b) are zoomed in to
the top right corner of the images in Figures [I4(a) and [14(b) respectively. Fig-
ure[I9(b) shows that after optical forging process there is more roughness on the
surface due to particle-like features. The features resemble more two-photon ox-
idized graphene than optically forged graphene on SiOy. [339] These could be
redeposition of particles that are removed from the membrane during forging.
Removal of the particles can be seen from Figures[14(a) and [14(b), as well as from
Figure [15(a) and [I5(b), which was forged using a lower dose. Even though the
residues are removed in Figure[I5(b), there does not appear to be a similar change
in roughness as in Figure In fact, the substrate in Figure [I5(b) appears to be
slightly cleaner than in [I5{(a), indicating that the change is not due to redeposi-
tion. Another solution could be that this could be the result of optical forging of
graphene on silicon nitride surface, similar to lifting from the substrate as seen
with graphene on SiOy. In article [AIV] the patterns made with similar doses
are about 40 nm high. However, adhesion energy of graphene is almost six times

300.0 nm

FIGURE 19 Effect of optical forging of graphene on silicon nitride substrate (a) before
and (b) after the process. The graphene membrane was irradiated with 60 p]J
pulse energy, 10 s exposure time per spot and 100 nm spot separation. The
panels (a) and (b) are images zoomed into the top right corners of Figures

[[4(a) and [14[b) respectively.
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larger on silicon nitride than on silicon oxide, [344] and therefore, if the structures
resulted from optical forging process are caused by detachment and bulging of
graphene, the pulsed laser dose should also be larger in order to cause the same
effect. It is worth to note that the roughening is more clear near openings where
forging causes the ring structure presented in Figure |18 as they should if they are
caused by the assumed mechanism of lattice expansion.



5 PROPERTIES OF OPTICALLY FORGED GRAPHENE

While being able to pattern three-dimensional shapes out of graphene is in itself
interesting, it is important to take a look at some of the properties of optically
forged graphene. While optical forging likely alters most of the properties, in
here those are narrowed into optical and mechanical properties. Additionally,
the emphasis is on those properties that differ most from pristine graphene.

5.1 Optical properties

Oftentimes the fastest way to see the effect of optical forging is by simply us-
ing an optical microscope. This can be seen for example from Figure 0(b), which
shows an optical microscope image of a pattern set made using optical forging.
In Figure [9(b) the forged patterns turn brighter as the height of the patterns in-
crease. The color change has been investigated by reflection spectroscopy, and it
was concluded that this was caused simply by the changed interference due to
height change. [345] That is, instead of graphene forming a cavity with the silicon
surface, with SiOy layer acting as a spacer, in the forged case the spacer thickness
is defined as a sum of the SiOy and the pattern height.

The situation is slightly different when graphene is suspended. Figure
shows optical microscope images of suspended graphene membranes before and
after the optical forging. Figure 20(a) shows the sample before the optical forg-
ing process. This shows a typical behaviour of graphene, which does not reflect
light almost at all. [16] In Figure 20(b) the membrane in the middle of the image
has been optically forged and it shows up very clearly in the image. Naturally,
this change cannot be due to interference. Reflectivity of the membrane was mea-
sured to be about 10 % (not shown here), which is of course a huge increase.
Reflectivity is also larger in membranes that have been forged with higher dose.
The reason for this increase is not yet clear. More detailed measurements as well
as theoretical explanation of the behavior is still ongoing work.

In addition to the change in reflectivity, optical forging causes significant



47

(@) (b)
e & o ®e & o

e o0 o o o
® o 0 o o o

10 ym

FIGURE 20 Optical microscope images of suspended graphene (a) before and (b) after
optical forging with 60 pJ pulse energy, 10 s irradiation time per spot and
100 nm spot separation. Note that only the membrane in the center of the
images was patterned.

changes in Raman spectrum, as presented in [AIV]]. Spectra measured from opti-
cally forged patterns are presented in Figure 21(a). As was mentioned in section
these changes can be used to determine that optical forging causes a de-
crease in graphene crystallite size. However, there is also a very clear increase of
the background photoluminescence signal that is very wide, spanning the entire
spectrum’s range. The signal is also quite intensive. Integrated intensity of this
luminescence signal from a pattern made with the highest dose is more than 400
times more intense than integrated intensity of pristine graphene G band.
Normalized photoluminescence spectra gained from the Raman spectra are
presented in Figure 21((b). These show clearly how the signal is very wide. Note
that the entire spectra in Figure R1(b) were gathered using two excitation lasers,
532 nm for the short wavelength part and 633 nm for the high wavelength tail,
and the stitching of these two sections is not perfect. Peaks of the spectra are
in the range of 580 — 600 nm. As was discussed earlier, optical forging causes
defects to graphene lattice, and with high irradiation doses graphene crystal-
lite size decreases. This coincides with increasing photoluminescence intensity,
as can be seen from Figures [12(a) and [12(d). In article [AIV] it was proposed
that the photoluminescence could be the result of graphene crystallite size be-
coming so small that they become similar to quantum dots. There are several
studies about graphene quantum dots (GQDs), which do show that the photolu-
minescence from the GQDs is similar to optically forged graphene shown in Fig-
ure b). [346-348] However, there are no atomic resolution images to confirm
this. Bandgap of the GQDs, and therefore the emission wavelength, is defined by
quantum confinement effect, and therefore the size of the QCDs strongly affects
the luminescence. [349-351] In literature GQDs with similar photoluminescence
spectra are just a few nanometers in size, while smallest crystallite size inferred
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FIGURE 21 (a) Raman spectra from graphene patterns processed using optical forging
with various irradiation doses. (b) Luminescence spectra extracted from
the Raman spectra. Intensities of the spectra are normalized to better vi-
sualize the shape and shift of peak positions. Reprinted with permission
from [AIV]. Copyright © 2020 American Chemical Society.

from optically forged graphene is about 10 nm. This value is estimated from the
Raman spectra and therefore it is an averaged value from the laser spot area and
it is likely that there is a wide crystallite size distribution in this area. There-
fore it is feasible that there are graphene crystallites in the 1 — 2 nm range. The
luminescence peak shifts towards red with increasing irradiation dose in Figure
R1b), which might at first glance seem contradictory to the GQD explanation.
However, if the crystallite size distribution is shifting towards smaller sizes, the
amount of large luminescent domains will increase faster, resulting in a shift to-
wards red. However, it should be stated that quantum confinement is not the
only underlying luminescence mechanism. Besides the core of the GQDs, various
different aspects, such as defects, heteroatom doping and chemical environment,
affect their properties. [352-355] Since at the moment there is no detailed atomic
information about optically forged graphene, making comparisons to GQDs in
literature is difficult.

Additionally, it is not clear what is the impact of amorphous carbon residues
that appear on forged graphene. There are similarities in photoluminescence
spectra of optically forged graphene and those measured from amorphous carbon
tilms. [356,,357] In a more recent study monolayer amorphous carbon was synthe-
sized and characterized. [358] Since both Raman and photoluminescence spectra
from this material resemble graphene that has been optically forged with high
dose, they are likely very similar. This does not indicate whether the 3D shape
of the structures is caused by deposition, since in reference [358] the monolayer
tilms exhibited high Raman and photoluminescence intensities. It is possible that
forged patterns could have a luminescent amorphous carbon crust, but this does
not explain all the features that appear, for example on suspended graphene, as
discussed in Additionally, there is no direct correlation between heights of
the patterns and their photoluminescence intensity, but patterns with the same
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height can have quite different looking spectra, some exhibiting photolumines-
cence and some not.

Interestingly, atomic resolution images in reference [358] showed that the
monolayer amorphous carbon has some amount of small 1 —2 nm graphene-
like crystalline domains, which does not actually differ much from the earlier
GQD explanation. The difference between these two explanations is whether
graphene or the amorphous carbon deposits cause the luminescence. Unfortu-
nately, differentiation between these has not been successful yet. The main rea-
son for this is that, despite of several attempts, amorphous carbon has not been
deposited onto SiOx without graphene, but graphene is seemingly needed as a
catalyst. However, graphene alone is not enough either, since amorphous carbon
is not deposited when graphene is on Si3Ny4 substrate. More insight to this can
be gained by doing atomic resolution imaging on the optically forged graphene
membranes.

5.2 Mechanical properties

Mechanical properties of a suspended graphene membrane can be probed us-
ing nanoindentation. Figure 22|shows typical force curves for pristine graphene,
optically forged graphene and SizNy substrate. The curve from pristine graphene
shows the normal situation with suspended graphene membranes, where the ini-
tial increase in force is very small, even though the membrane is pressed down
several tens of nanometers, because bending stiffness of graphene is very low.
The completely opposite case is measured from substrate, where the force in-
creases very rapidly. Here it can be assumed that the sample does not bend at all,
and that the force curve behaviour comes purely from cantilever bending. The
middle curve is from graphene after laser treatment showing behaviour that is
different from the others. This membrane has a higher bending stiffness than the
pristine graphene, however the membrane still bends to some extent unlike the
substrate. [AV]]

First of all, looking at the adhesive regime of the force curves can give some
interesting qualitative information. Figure 22|b) shows the same curves as in
Figure 22(a), but zoomed into near zero force and indentation depth. The point
where both force and indentation depth are zero is the zero point of indenta-
tion, and the region where both of them are negative is the adhesive regime.
The curves show that the materials behave differently already at the adhesion
regime. Pristine graphene does not cause almost any cantilever deflection in this
scale. When graphene is optically forged using a high dose, the force drop is
quite sudden. The shape is different compared to behavior of the silicon nitride
substrate in Figure 22, where the force drops gradually as the tip moves closer
to the surface. All of these different behaviors can be explained with bending of
the sample. With the silicon nitride substrate, as the cantilever approaches the
surface, the nitride is too stiff to flex upwards. Therefore the cantilever bends
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FIGURE 22 Force-displacement curves for SizNy substrate (blue), pristine graphene
(black), and same graphene membrane after optical forging (red). Opti-
cal forging was done using 60 p]J pulse energy, 10 s irradiation time per spot
and 100 nm separation between spots. This membrane is the same as in

Figure[14]

more and more downwards gradually as the tip approaches the surface and the
attractive interactions are felt more strongly, until the tip gets so close that the re-
pulsive interactions start to take over. In the case of optically forged graphene the
sample is dynamic. As the tip approaches the membrane and they start to feel the
attractive forces, both of them bend towards each other, which further increases
the attractive forces causing them to snap-in quickly, leading to the sudden drop
in force. At this point the membrane is tensed and as the tip moves further down
the tension is released causing the force to become less negative. With pristine
graphene the bending stiffness of the membrane is too low to cause any signif-
icant bending of the cantilever, because when the tip gets close enough of the
surface to feel the attractive forces, it is too close to tense the membrane enough
to cause any cantilever bending. The force curve of optically forged graphene is
much more linear compared to pristine graphene, which also indicates increased
bending stiffness, as discussed in section[3.2]

More indentation data is presented in Figure The shape of the mem-
branes in AFM images is different, even though membranes in 23(b) and [23(d)
were processed using the same optical forging parameters. It is possible that the
laser was at a different focus when they were processed. In any case, the force
curves seems to be affected more by how much the graphene membrane is cor-
rugated rather than the optical forging dose, though in every case linearity of
the force curve increases when the membrane is forged. The membrane in Figure
23]a) is only slightly corrugated at the lower part of the membrane (as can be seen
from Figure [15|as well). The membrane in 23(c) has a ring-like feature near the
edge and [23{e) has clearly a wavy structure. Changes in force curves after forg-
ing follow this trend with curve in23(b) being almost the same as before forging,
curve in23(d) being a bit more linear and 23](f) being clearly more linear. The red
curve in Figure 22(a) shows the force curve of a membrane that was forged with
even higher dose, showing even more clear change.
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FIGURE 23 AFM images and corresponding force curves from optically forged
graphene membranes. With every membrane pulse energy was 60 pJ and
spot separation 100 nm. Irradiation time per spot in (a,b) and (c,d) was 2 s
and in (ef) 3 s. Reprinted with permission from [AV]. Copyright © 2021,
The Authors.

In article [AV] mechanical properties of graphene membranes were calcu-
lated by fitting equation [4] to the force curves. Elastic stiffness results calculated
from the fits are presented in Figure 24, Before forging, two-dimensional elastic
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constant (E?P) determined from the center of normal distribution fit to the data is
315 N/m. This corresponds to Young’s modulus of 0.94 TPa, assuming graphene
thickness of 0.335 nm. There are two openings, which have elastic constant values
of about 250 N/m, and if these are excluded the center of the distribution shifts
to 350 N/m (1.05 TPa), which is very close to 2D elastic stiffness values reported
before. [13] After forging, the distribution is centered to 143 N/m (0.42 TPa), less
than half of pristine graphene. In previous studies Young’s modulus has been
found to either decrease or increase when defect density increases, important as-
pect here being type of the defect with monovacancies increasing the stiffness and
others types decreasing it. [277,359-361]
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FIGURE 24 Histogram of E?P calculated from indentation curves of graphene mem-
branes before (red) and after (blue) optical forging. Data is gathered from
eight different membranes. Solid lines are normal distributions fitted to the
two data sets.

However, the most interesting finding of article [AV] is the increase of bend-
ing stiffness of graphene. In order to calculate the bending stiffness, pre-stresses
of the membranes were first determined from the Raman spectra using the pro-
cedure detailed in section[3.3.2] Bending stiffnesses were then estimated from the
linear term of equation 2| Bending stiffnesses for membranes in Figure [23| were
calculated to be 3 keV (a,b), 19 keV (c,d) and 93 keV (e,f), and for a membrane
shown in Figures [14] and [22| it is 790 keV. It needs to be noted that the small-
est bending stiffness values that can be reliably measured are about 20 keV, esti-
mated from noise level of the system. Therefore all that can be said from the low
bending stiffness membranes (Figures 23|a-d)) is that their stiffnesses are some-
where under 20 keV. However, bending stiffnesses of the two other membranes
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are well above this. They are very high compared to pristine graphene bend-
ing stiffness, which is 1 — 2 eV. Already 93 keV is very high compared to this,
but the 790 keV value is extremely high, five orders of magnitude larger. This is
also two orders of magnitude larger than highest previously reported from rip-
pled graphene. [274] The indentation experiments were studied further by using
computer simulations in article [AV]. These simulations show that the stiffness
comes from the corrugated shape of the membranes. Interestingly, the simula-
tions also indicate that optical forging increases the stiffness in nanoscale as well.
For the future work, in order to gain more detailed understanding of the underly-
ing mechanisms behind the stiffening, atomic resolution imaging of the optically
forged membranes is necessary.



6 CONCLUSIONS

In this thesis, I have studied a novel graphene modification technique called opti-
cal forging. This is an all optical method, where graphene is irradiated using fem-
tosecond laser pulses in an inert atmosphere. It is presented how optical forging
causes graphene to bulge into three-dimensional shapes and structures. The most
simple structure that can be fabricated with this is a blister, which is made by ir-
radiating a single spot. The shape of the blister can be controlled by adjusting
process parameters, most important of which are pulse energy and irradiation
time per spot. Blisters made with different parameters exhibit various different
shapes, such as domes, ring structures and mixes of these. Some of the features in
the blisters are below the diffraction limit. Large three-dimensional patterns can
be made by doing multiple single spot irradiations close to each others, which
introduces another patterning parameter: separation between the spots. Various
different structures, such as step-pyramid, gratings and spirals, can be fabricated
with the optical forging method.

It was determined that optical forging causes formation of defects in the
graphene lattice. Detailed analysis of Raman spectra of patterns fabricated us-
ing the optical forging method revealed that with lower doses mainly point de-
fects are formed, which then develop into line defects when higher doses are
used. This causes a significant decrease in size of the graphene crystals within
the irradiated area. With the help of computer simulations, formation of the
three-dimensional structures were explained by defect induced lattice expansion,
which causes local straining of graphene and eventually bulging from the sub-
strate surface. However, it is clear that this is not the only reason for the height of
the patterns, but there is also some amount of amorphous carbon deposition. It is
not yet clear how much either of these contribute to the entire three-dimensional
structure and more studies are needed to determine it.

Optically forged patterns in graphene are measured to be photolumines-
cent. The luminescence tends to become more intensive as the patterns are more
heavily forged, however this is not true in every case. There are two feasible
explanations for the luminescence. First of these is that graphene is being cut
into nanometer-scale crystals and thus becomes luminescent in a similar way as
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graphene quantum dots. The other possible explanation is that a thin amorphous
carbon layer is deposited onto the graphene during the pulsed laser irradiation.
From luminescence point of view these are very similar with the same atomic
structure and bandgap.

Optical forging also makes graphene much more stiffer to bend. The high-
est bending stiffness measured from an optically forged membrane was 790 keV,
which is five orders of magnitude higher than pristine graphene. This is due to
the structure of the graphene membrane, which becomes highly corrugated with
high irradiation doses. At the same time the elastic modulus decreases, but not
more than half of the original value.

From fundamental research point of view, there is more to be learnt from
the mechanism of how the structures are formed and their properties. More sus-
pended membranes should be studied by processing them with wider range of
patterning parameters. This would help to better understand how these struc-
tures form and how the mechanical properties develop as a result of this. For
example, one interesting experiment would be to test the breaking strength of
optically forged graphene membranes. This was not studied here because there
was a need to do other characterizations of the membranes after the indentations,
and breaking them would obviously prevent any additional measurements after-
wards. Since the forming of optically forged patterns behaves differently when
graphene is on SizN4 compared to SiOy, testing the processing with graphene that
is on other substrates can give revealing information about the process. Addition-
ally, since there is some evidence that amorphous carbon is deposited by a chemi-
cal process where graphene is a catalyst, it would be interesting to test the optical
forging process at different temperatures, pressures and sample bias voltages. A
different research avenue is to study optical forging of other two-dimensional
materials. This has been already tested to a small extent and preliminary results
indicate that optical forging is universal to two-dimensional materials. However,
the most important step forwards in terms of understanding the mechanism at
work in optical forging is atomic resolution imaging. While a lot of information
can be gained from Raman spectroscopy and simulating the structure formation,
direct imaging will give information of how graphene lattice structure is altered
and what defect types are involved, and if they develop into lines. This will be
a difficult experiment, since ideally there should be thorough characterization of
the membranes before as well as after the optical forging process. The forging
dose has to be correct for imaging, so that the defect density is not too low or
too high, i.e. the sample should not be fully amorphous, but there should be
sufficient amount of defects so that there is a good chance of finding them. In
addition, the samples need to be relatively clean from residues, which might not
be the case after heavy irradiation doses, though suspended samples shown in
this work seem to be sufficiently clean.

Optically forged graphene can potentially be used in various applications.
First of all, even though the optical forging process decreases the elastic modulus
of graphene, the optically forged structures are still strong and very thin. Since
the bending stiffness is dramatically increased they can be used as strong but ul-
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tralight scaffold structures. As a different approach, since the smallest structures
that can be made with optical forging are in range of 100 nm, it could be to used
to create structures that can act as plasmonic devices. Stiffening of a graphene
membrane can also be used to increase the resonance frequency of graphene res-
onator devices. Since the resonance frequency is related to bending stiffness by
f VD, [362] the membranes with large bending stiffness can be expected to
have much higher resonance frequencies, perhaps even up to GHz range. Addi-
tionally, similarly as graphene kirigami structures were used by Blees et al., [274]
optically forged graphene could be used to make ultralight nanoscale springs and
other NEMS devices, or to combine these by adjusting the stiffness of kirigami
devices with forging or using forging to enable new types of kirigami structures.

As the final note, since the optical forging method bulges the material due
to lattice expansion, is not exclusive only to graphene, but other 2D materials
can be modified in similar fashion, and in preliminary studies this has been suc-
cessful. Additional research avenues for further research would be to study how
optical forging works on bi- and multilayer materials, 2D heterostructures and
nanotubes.
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APPENDIX1 DETAILS OF SAMPLE FABRICATION

Graphene synthesis and transfer

A vast majority of the graphene samples used in this work were synthesized
using chemical vapor deposition method described in section Details of the
actual processes and equipment are presented here. The processing parameters
that are mentioned are typical values and there can be slight differences in differ-
ent samples.

Fabrication of graphene started by preparing sapphire substrate. Single
crystal sapphire (¢-Al,O3) wafers were cut using dicing saw to chips. Chip sizes
were typically 5 x 5 mm?. The chips were cleaned in hot acetone by rubbing
them with cotton swabs and by using sonication, after which they were rinsed
in isopropanol alcohol (IPA) and dried with N, gun. The chips were examined
under optical microscope to verify that they do not have large particle contam-
ination. The sapphire samples were then annealed in a furnace (Carbolite CTF
12/65/550 with an Eurotherm 3216 temperature/process controller) under oxy-
gen atmosphere at 1100 °C for ~ 12 h. After this, the sapphire substrates were
ready for copper deposition.

Copper catalyst film was deposited onto the sapphire chips using an elec-
tron beam evaporator (Baltec BAE 250, modified). Typical deposition rate was
5 A /s and film thickness 600 nm.

CVD synthesis of graphene was typically done immediately after the cop-
per deposition. The synthesis was done in a high temperature furnace (MTI GSL-
1100X). Samples were loaded onto a quartz sample stage and inserted into the
preheated furnace for annealing. Typically the samples were annealed for 45
minutes at 1060 °C temperature under 30 sccm Hy + 470 sccm Ar gas flows. All
processing was done in atmospheric pressure. After annealing, the synthesis was
initiated by adding 2 sccm of 1 % CHy in argon to the gas flow for five minutes.
Samples were then pulled out of the hot zone of the furnace and let cool naturally.
After synthesis the samples were examined under optical microscope. The sam-
ples were baked in air for about five minutes at ~ 120 °C to oxidize the regions
that graphene is not covering in order to visualize the graphene coverage.

Transfer of graphene started by depositing PMMA onto graphene. Typically
PMMA A4 950 was spin coated (Laurell Technologies, WS-650MZ-23NPPB) using
3000 rpm for one minute. Edges of the PMMA layer were scraped with a scalpel
to make copper etching easier. Copper was etched in 1 M ammonium persulfate
bath typically overnight. Then the released PMMA /graphene layer was moved
through four consecutive DI water baths to remove etchant residues. The samples
were kept in 10 % hydrochloric acid bath for 5 minutes in order to clean any
metallic residues, after which the samples were moved again through the water
baths to rinse them. At the final water bath, the water was drained to gently lower
the PMMA /graphene stack onto a target substrate. The samples were then let to
dry and baked at about 100 °C for five minutes to remove as much of the water
as possible. Then the PMMA layer was removed in hot acetone, after which the
sample was rinsed in IPA.
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Substrate fabrication for suspended graphene samples

Substrate used in this work for suspended graphene was silicon nitride mem-
brane window. Fabrication steps for making this are presented in Figure The
starting substrate for this sample was a silicon chip with LPCVD grown 300 nm
thick silicon nitride (SizNy4) coating on both sides. Sample processing started by
depositing photoresist (AZ 1514H) on the sample. This was done by spin coating
it in a spinner (Laurell Technologies, WS-650MZ-23NPPB) at 4000 rpm for one
minute. The sample was baked for one minute at 100 °C. The other side of the
chip was spin coated as well to prevent unwanted etching of the silicon nitride.

Then one side of the sample was exposed to UV light using a mask aligner
(Karl Zuss) for 50 s. The sample was developed in 1:3 solution of AZ 351B devel-
oper and water for one minute. Silicon nitride was then etched using reactive ion
etching (Oxford Instruments, Plasmalab 80 Plus). Before the nitride etch the resist
residues were cleaned using a mild O, plasma treatment using 50 sccm O, flow
for 15 s at 15 mTorr with 20 W forward power. Nitride was ethced with gas flows
of 50 sccm CHF3 and 5 sccm O, for 25 minutes at 55 mTorr with 100 W power.
Oxygen was added into the gas flow to prevent a passivation layer from forming.
Both RIE treatments were done at room temperature. The photoresist was then
stripped using hot acetone. The silicon was etched through using 35 % potassium
hydroxide (KOH) at approximately 98 °C water bath for 6 hours. KOH etches the
silicon anisotropically, which is based on the etching rate being different depend-
ing on the silicon crystal plane, (111) plane etching rate being much slower than
(100). This results into silicon being etched in pyramidical shape with 54.7° angle.
This left the silicon nitride membrane window.

Next was fabrication of holes in the silicon nitride window. This started
with depositing ~ 20 nm of copper onto the sample using modified Baltec BAE
250 electron beam evaporator. This film serves as a conductive layer during the
electron beam lithography and also as an etch mask. A PMMA layer (PMMA A2
950) was deposited onto the copper film by spin coating at 4000 rpm and baked
at 160 °C for two minutes. Writing of the patterns was done using Raith eLine
SEM using 300 pAs/cm? dose. Several cirular patterns of varying diameters were
drawn. Next, the PMMA was developed in 1:3 solution of methyl isobutyl ketone
(MIBK) and isopropanol alcohol (IPA) for 50 seconds. Copper was etched by
dipping the sample into etching solution of H,O 4 CH3COOH + H;0; (18:1:1)
for a few seconds. Then the exposed silicon nitride was etched using RIE with
the same recipe as above. Finally, the entire copper layer was etched.

When the graphene was transferred onto the substrates, the PMMA layer
was removed in acetone and the sample was dried using critical point drying
apparatus (Leica EM CPD300).



Si3N4

Si3N4

Photoresist
spin coating

\'/ UV exposure

mask )
photoresist

Resist
development

Nitride etch
with RIE

Resist removal
and anisotropic
silicon etch

Zoom-in
Cu deposition
B
4 - oyMA
spin-coating

}

PMMA removal
(with CPD)

EEETITITITE

Graphene
transfer

Cu etch

Nitride etch
with RIE

PMMA
strip

Cu etch

Electron beam
exposure and
development

FIGURE Al Fabrication steps for a suspended graphene sample.

93



ORIGINAL PAPERS

Al

OPTICAL FORGING OF GRAPHENE INTO THREE-
DIMENSIONAL SHAPES

by
Andreas Johansson, Pasi Myllyperki6, Pekka Koskinen, Jukka Aumanen,
Juha Koivistoinen, Hung-Chieh Tsai, Chia-Hao Chen, Lo-Yueh Chang, Vesa-
Matti Hiltunen, Jyrki J. Manninen,Wei YenWoon, Mika Pettersson 2017
Nano Letters, 17, 10, 6469-6474

DOI: 10.1021/acs.nanolett.7b03530

Reprinted with kind permission of 2017 American Chemical Society.




NANO &5

pubs.acs.org/NanolLett

Optical Forging of Graphene into Three-Dimensional Shapes

Andreas ]ohansson,Jr * Pasi Myllyperklo,

Wei Yen Woon, and Mika Pettersson™’"

Pekka Koskmen, Jukka Aumanen,’
Hung-Chieh Tsal, Chia-Hao Chen, I Lo-Yueh Chang, Vesa-Matti Hiltunen,

J\Juha Koivistoinen,

Jyrki J. Manninen,”

"Nanoscience Center, Department of Chemistry, *Nanoscience Center, Department of Physics, University of Jyviskyld, P.O. Box 35,

FI1-40014 Jyvaskyld, Finland

SDepartment of Physics, National Central University, Jungli, 32054, Taiwan, Republic of China
INational Synchrotron Radiation Research Center, Hsinchu, 30076, Taiwan, Republic of China

© Supporting Information

ABSTRACT: Atomically thin materials, such as graphene, are the
ultimate building blocks for nanoscale devices. But although their
synthesis and handling today are routine, all efforts thus far have been
restricted to flat natural geometries, since the means to control their
three-dimensional (3D) morphology has remained elusive. Here we show
that, just as a blacksmith uses a hammer to forge a metal sheet into 3D
shapes, a pulsed laser beam can forge a graphene sheet into controlled 3D
shapes in the nanoscale. The forging mechanism is based on laser-induced
local expansion of graphene, as confirmed by computer simulations using

thin sheet elasticity theory.

KEYWORDS: Graphene, strain-engineering, femtosecond laser, defects, 3-dimensional, elasticity modeling

Graphene, a single atomic layer of carbon, is the most
studied 2D material and is characterized by excellent
carrier mobility, strength, flexibility, transparency, and constant
absorption in a broad range of the electromagnetic spectrum,
making graphene an excellent material for novel applications in
electronics, photonics, and optoelectronics."”” Examples of
reported devices include sensors, field effect transistors (FET),
supercapacitors, and photodetectors.” Graphene is not strictly
planar but contains corrugations, wrinkles, ripples, and other
out-of-plane deformations.® These structural changes provide a
way to modify the electronic properties of graphene, but
controlling them is challenging.”~* So far, the modification of
the third dimension of graphene has relied on spot-blistering,
substrate molding, or strain-induced periodic modulation, as
well as cutting graphene or connecting graphene flakes with
functional groups, while controlled shaping of graphene itself
into more complex custom-made 3D architectures has
remained elusive.” "

Here, we demonstrate the forging of graphene into free-
standing 3D shapes by exploiting local strain induction due to
irradiation with femtosecond laser pulses under inert
atmosphere. While laser irradiation in air has earlier been
shown to generate two-photon functionalization of the
graphene surface with oxygen containing groups,'* we argue
here that the inert atmosphere allows a fundamentally different
process of defect engineering to take place. Computer
simulations using elasticity theory confirm experimental
observations and provide the theoretical basis for the method.
The optical forging opens new possibilities for fundamental

- ACS Publications  © 2017 American Chemical Society
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studies and for the development of applications based on 3D
shapes of graphene.

We patterned single-layer graphene on a Si/SiO, substrate by
direct laser writing with tightly focused femtosecond pulses
under nitrogen and argon atmospheres, which both produced
qualitatively similar results. A matrix of 2 X 2 um? squares was
patterned on graphene. Each square was irradiated by 441
partially overlapping spots at 100 nm spot separation. The
irradiation time per spot was varied from 0.1 to 2.0 s.
Surprisingly, the irradiated squares formed elevated flat plateaus
with sharp boundaries, as seen in atomic force microscope
(AFM) images (Figure la). The height varies from ~3 nm up
to ~20 nm (Figure 1b) and is proportional to the square root
of irradiation time (Supporting Information, Figure S1). This
proportionality can be theoretically justified, as shown later. We
did not observe any wrinkling on the plateaus or just outside
them, except for folding already present in graphene before
patterning. Remarkably, the patterned matrix is well visible
under an optical microscope due to enhanced reflection of the
irradiated areas (Figure 1c). With increasing irradiation time,
the brightness of the irradiated spots increases, and the color
changes from greenish toward yellow.

The squares are visible in a Raman map of the integrated
intensity of the D-band including the contribution from the
overlapping broad emission, which increases with irradiation
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Figure 1. Characterization of irradiated graphene. (a) AFM image. (b) Line profiles of the AFM image between the arrows, shown in a. (c) Optical
microscope image. The lines on the bottom and right are a part of the 30 nm thick and 1 ym wide gold reference grid. (d) Raman map showing
integrated intensity in the D-band area at ~1350 cm™. (e) Raman spectra measured from graphene with no irradiation (bottom) and with 0.5 s
(middle) and 2 s (top) of irradiation per spot. (f) XPS image of the C 1s signal at 285.0—284.2 eV. (g) XPS survey spectra of nonirradiated graphene
(bottom) and irradiated graphene (top). (h) XPS C 1s spectra of nonirradiated area (bottom; black arrow in f) and irradiated area (top; red arrow in
f). The shaded area shows the region used to construct the image in f. The gray line shows the raw spectrum; the black line is the fit that contains

components of C=C (green), C—C (red), and background (blue).

(see Figures 1d and e). While local variations are observed,
there is an overall trend toward increased integrated intensity
with increased irradiation time. The characteristic spectrum of
nonirradiated graphene (Figure le, bottom) is observed also in
the irradiated areas (Figure le, middle and top). Note that the
Raman spectrum of nonirradiated graphene does not show any
significant presence of amorphous carbon, which excludes
amorphous carbon redeposition or exfoliation'* as the cause for
the elevated plateaus. With increasing irradiation dose,
broadened G- and D-bands develop, while the normal Raman
spectrum of (nonirradiated) graphene remains (Figure le). The
total spectrum is thus a sum of two components: normal and
broad (additional Raman spectra are shown in Supporting
Information, Figure S2). The broad spectrum resembles highly
disordered graphene, but there is no growth of a sharp D-band,
which is a characteristic signature of scattered point defects in
graphene.'®"” These observations suggest that irradiation
transforms local regions of graphene into disordered form. In
Raman spectra, also a broad emission background emerges
upon irradiation (seen as a rising background in Figure le).
The sample was imaged by X-ray photoelectron spectroscopy
(XPS) at submicrometer spatial resolution (Figure 1f). XPS did
not reveal significant change in the chemical composition of
graphene irradiated under nitrogen atmosphere (Figure 1g).
Yet, contrast is found in scanning photoelectron microscopy
due to overall lower XPS intensity for patterned areas (Figure
1f). The carbon C 1s peak becomes broader toward the higher
binding energy tail, indicating a decrease in the sp> C=C bond

6470

and increase in the C—C bond density (Figure 1h). The XPS
data are consistent with the defect generation picture as
deduced from Raman spectra. The lack of oxygen containing
groups again supports the notion that amorphous carbon does
not contribute to the elevated plateaus. For comparison,
irradiation of the same sample with analogous patterns under
air reveals characteristic signals of oxidized carbon (Supporting
Information, Figure §3). 141819

To further investigate the nature of the elevated plateaus we
prepared a series of square patterns and compared them to
square patterns made under air. In Figure 2a, two rows of
squares patterned on graphene are presented. The barely visible
top row was patterned under air, leading to functionalization of
the surface with mainly epoxy and hydroxyl groups."*** The
height of the squares is about 1.3 nm. The bottom row was
patterned under nitrogen, leading to elevated plateaus of about
20 nm in height. At the center of the image there is a triangular-
shaped area in which the graphene has folded toward the upper
right corner. In that area, no pattern is formed under either
oxygen or nitrogen atmosphere, and the surface seems
unaffected by the laser exposure. This observation again refutes
that amorphous carbon deposition would contribute to the
elevated plateaus. Additionally, it refutes the possibility of
formation of elevated plateaus due to swelling of the underlying
SiO, substrate.””*! Folds, cracks, and other surface features on
graphene continue from the areas outside the plateaus to the
inside. This is strong additional evidence that deposition of
material cannot be responsible for the elevated features.

DOI: 10.1021/acs.nanolett.7b03530
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Figure 2. (a) AFM image of squares patterned under air (top) and nitrogen (bottom). The arrows point out where a triangular shaped section of
graphene has folded. (b) AFM image of large squares patterned under nitrogen, with center regions in addition patterned under air. The center
region was patterned after the larger square for the left pattern and before the larger square for the right pattern. (c) AFM data from nanoindentation
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Figure 3. Elasticity modeling of plateau formation by local expansion. (a) Optimized topography of a simulated 2 X 2 ym? square pattern. Inset: the
input strain field £(r); maximum strain is £, = 4.5 X 107°. (b) AFM topography of the plateau (corresponding to 1.5 s irradiation time in Figure 1a).
The plateau height is 12 nm in both simulation and experiment. Inset: bitmap image used for laser writing. Scale bars, 1 ym. (c) Simulated height of
2 X 2 pm” square plateaus at different &; the dashed line is eq 1.

Figure 2b shows two square patterns prepared by combining after indentation (middle), together with a cross section
laser patterning under both air and nitrogen. For the left square (bottom) along the indentation line. The measured force versus
pattern, first the large 2 X 2 ym® square was patterned under indentation depth curves are shown in Figure 2d, with color
nitrogen, forming a 6 nm high plateau. Then the inner 1 X 1 corresponding to the arrows in Figure 2¢ pointing out their
um?* square was patterned under air. The inner square is measurement locations. The resulting force versus indentation
somewhat crumpled with an average height of 3.5 nm. For the depth curves show initially a nonlinear increase, with a much
right square pattern, first the inner 1 X 1 um® square was weaker response than indentation on bare SiO, surface (black
patterned under air and the outer 2 X 2 ym” square patterned trace). At around 2 uN a plateau develops, which is interpreted
under nitrogen. Here the inner square has a height of 1.3 nm, as the graphene feature buckling toward the surface. It is
which is similar to oxidized areas in Figure 2a. The outer frame interesting to note that this force is very similar to the
is again 6 nm high. The data show that functionalization of the nanoindentation force at which suspended graphene mem-
graphene surface with oxygen containing groups leads to branes break.*** The force curve then increases again with a
suppression of elevated plateau formation. dependence similar to that of indentation on a bare SiO,

We also performed AFM nanoindentation across a 12 nm surface. The onset of the second increase corresponds well to
high, 1 ym wide, and 6 pm long graphene plateau. The the height of the graphene structure, indicating that the onset
nanoindentation area is shown in Figure 2c before (top) and corresponds to the tip reaching the SiO, surface. The AFM

6471 DOI: 10.1021/acs.nanolett.7b03530
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image taken after nanoindentation (Figure 2c, middle) shows
that the graphene structure has returned to its original shape,
except for piercing marks where the AFM probe was indenting
the surface.

All of the evidence taken together suggests that irradiation
under inert atmosphere leads to the formation of elevated
graphene structures containing only carbon. The most plausible
explanation for the underlying driving force is that, by analogy
to the blister formation in polymers, photons modify the lattice
and induce local expansion of graphene.

To investigate this hypothesis, we used thin sheet elasticity
theory to model expanded and deformed graphene (see
Supporting Information). We assumed that, via a mechanism
discussed later, the laser-induced lattice expansion field &(r) is
proportional to the spatial irradiation dose I(r). The spatial
dependency was adopted from experimental input in
conjunction with a Gaussian beam profile (full-width at half-
maximum, fwhm = 500 nm).'® The maximum strain &,
max[e(r)] was chosen, and the topography was searched for by
structural optimization. As a result, simulation of a 2 X 2 ym?
pattern with &, ~ 4.5 X 10~ gave topography and dimensions
in perfect agreement with the experiments (Figure 3a,b). The
agreement is the first indication suggesting that local expansion
indeed is the driving force behind the observed structures.

The plateau formation can be understood simply in terms of
increased surface area. Geometrical considerations provide an
estimate for the height of a Ly X L, square pattern as

h(gy) = |/0.81egw(L, + 1.1 X fwhm) )
where w is the edge width (see Supporting Information). We
simulated the 2 X 2 ym? pattern with expansions up to &, = 1%
and observed that eq 1 with w &~ 3 X fwhm captures well the
dependence of height on strain (Figure 3c). Especially the
square root dependence indicates how modest expansions are
able to trigger notable structures. By inverting eq 1 and using
the experimental data for h(t), we could plot &y(t), the
expansion as a function of time (Supporting Information,
Figure S4). The plot shows that strain grows linearly with
irradiation time, here at rates around ~0.01% per second.

The most plausible mechanism for the expansion mechanism
is irradiation-induced defect formation. Raman spectra indicate
that irradiation produces disordered regions (Figure le). It is
reasonable to assume that, in the beginning of the process,
isolated defects are formed. The density of isolated point
defects can be estimated from the I(D)/I(G) ratio.”* Our
nonirradiated CVD-grown graphene sample shows a ratio of
~0.1, corresponding to an initial defect density ~10" cm™
(Figure 1e).* Since the sharp D-band does not grow
significantly in irradiation, the point defect density does not
grow much beyond ~10'" cm™. Yet, because the lattice
nevertheless expands, after the initial formation of scattered
point defects, the expansion must be driven mainly by growth
of isolated disordered regions. To investigate this possibility, we
simulated mean lattice expansion due to repulsive point defects
at various densities and strengths of influence (Figure 4a).
Simulations show that & < 20 nm structures (¢, < 0.01%) can
be created by defect densities ~10''—10"> cm™ and h ~ 1 nm
structures (g5 ~ 3 X 107° %) by defect densities ~10° cm™2.
This explains why elevated structures can be formed already at
defect densities not visible in the Raman spectra.

The situation at longer irradiation times is different.
Prolonged single spot irradiation created a ~1.2-ym-diameter,
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Figure 4. Point defects as the mechanism behind local expansion. (a)
Averaged strain in graphene as a function of density of point defects,
calculated using the elastic model with 2.5 A grid spacing. The three
different defect strengths of influence stand for the strain in the
defected lattice point. (b) Experimentally observed, a 150 nm high
partially collapsed structure resulting from prolonged irradiation at one
spot. (c) Simulated and optimized structure corresponding to panel b
(€9 = 5% within the structure). Vertical dimensions in b and c are
scaled by a factor of 2; scale bar, 0.5 ym. (d) Raman spectrum of the
collapsed structure.

150-nm-high structure (Figure 4b). Measurement of the surface
area indicated &, = 5% expansion, assuming saturated expansion
throughout the structure. Its stability was confirmed also in the
simulation (Figure 4c). Most important, its Raman spectrum
shows dominantly broad features, which is consistent with
having highly disordered graphene (Figure 4d). Strains in the
5% range require defect densities above 10'* cm™ (Figure 4a),
which is in accordance with Raman spectra at high defect
density.”* At intermediate irradiations, the coexistence of
normal and broad spectra can be understood by assuming
that defects form preferentially in the vicinity of pre-existing
defect regions that remain separated. As defect regions grow
and finally coalesce at densities ~10"—10"5 cm™, the entire
irradiated area becomes disordered and yields a completely
broad Raman spectrum (see illustrative schematic in Support-
ing Information, Figure SS).

We lack direct evidence for the atomic structure of the
defect, but let us consider one promising candidate—the bond
rotation or Stone—Wales (SW) defect.” It is a fitting defect
type because it requires no additional atoms, its formation
energy of 4.6—5.7 eV>* is close to the two-photon energy of 4—
S eV in experiments, and it causes expansion of suitable
magnitude at suitable defect densities (Figure 4a and
Supporting Information, Figure S6). Moreover, the SW defects
have attractive interaction and can gradually develop into
extended Haeckelite structures that consist of arrangements of
pentagons, hexagons, and heptagons.”**’ For example, the
most stable Haeckelite, Hy 4, is 3% less dense than graphene,
which is in rough agreement with the experimental saturation
strain of 5% (Figure 4b).”® Haeckelites are also metallic, which
matches with the increased reflectance within the structures
(Figure 1c).”” While other mechanisms such as thin film
interference could as well contribute to increased optical
response,””*” SW defects and Haeckelite structures stand out as
promising candidates to explain both increased reflectance and

DOI: 10.1021/acs.nanolett.7b03530
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Figure S. AFM images of 3D structures fabricated by direct laser writing. (a) Pyramid structure created by stepwise irradiation of levels. The field of
view (FOV) is 17 X 17 um® (b) Step profile along the dashed line in a. (c) 115 nm high semisphere which has collapsed symmetrically in the center.
FOV is 1.8 X 1.8 yum” (d) Grating structure. FOV is 20 X 6.7 ym?, and the maximum height is 25 nm. (e) Chiral structure with continuously
increasing height. FOV is 8 X 8 ym?, and the maximum height is 31 nm. (f) Matrix of squares. FOV is 19.8 X 14.7 ym? and the maximum height is
20 nm. (g) Torch with the bitmap image (on the right) used for direct laser writing. FOV is 3.5 X 7.4 ym? and the maximum height is 6 nm. Inset:
Simulated pyramid structure with the same dimensions as in a. In the images the z-axis scale has been exaggerated to better visualize the structures.

lattice expansion, although confirmation requires further
studies.

After establishing the method and mechanism for 3D
patterning we describe fabrication of more complex 3D
structures. The first example is a pyramid structure (Figure
Sa). The pyramid was fabricated by first making the base level
and then building the next levels stepwise (profile in Figure
Sb). Such a pyramid was confirmed to be stable also in
simulation (Figure S, inset). The pyramid is a fascinating
demonstration of the possibility to repeat the structure
formation on a previously formed flat structure—such
progressive control enables building arbitrarily complex
architectures. In addition, we fabricated a 150 nm-high round
semisphere, which had collapsed symmetrically, a miniature
grating, a chiral structure (spiral), a matrix of squares, and a
torch (Figures Sc—g).

The presented method for forging 2D graphene into 3D
shapes opens exciting possibilities for further research. For
example, shaping graphene into curved structures can be used
to generate giant pseudomagnetic fields*~” or to control surface
plasmon poleuritons.sS In addition, we propose that 3D structures
of graphene can be used for fabricating scaffolds for layered
materials, suspended device structures, and channel networks
for nanofluidics, as well as optical and electronic devices.
Finally, as the formation of 3D structures is simply based on
lattice expansion, the presented concept is most likely generic
to other 2D materials.
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Additional Materials and Methods

Samples

Silicon chips (10 mm by 10 mm in size with a top-layer of 300 nm SiO,) with a monolayer of
chemical vapor deposition grown graphene on top were purchased from Graphenea Inc. A
reference grid was patterned on the top surface, using electron beam lithography in PMMA. The
patterned grid was made of 1 um wide lines, defining a 10 by 10 matrix of 200 um by 200 pm
squares. Oxygen reactive ion etching was used to remove graphene from the bottom of the
pattern, after which it was metallized with 2 nm Ti as adhesion layer and 30 nm Au on top. The
chips were covered with an additional PMMA layer as protection, and then diced to our preferred
size of 5 mm by 5 mm before finalizing the patterning with a lift-off procedure. The resulting
reference grid allowed positioning of irradiated patterns at known locations so that they could be

found during characterization measurements.

Direct laser writing

Direct laser writing of the patterns was performed with a setup consisting of an amplified
femtosecond laser (Pharos-10, 600 kHz, Light Conversion Ltd.), two non-collinear optical
parametric amplifiers (NOPA, Orpheus-N, Light Conversion Ltd.) and a home-built optical
microscope with nano-positioning system (Nanomax 300, Thorlabs Inc.). The microscope was

equipped with a camera, allowing precise alignment and visual inspection of the sample.



Laser beams were focused to the sample by a microscope objective (Nikon LU Plan ELWD
100x/0.80). The sample was installed to a closed chamber that was purged with argon or nitrogen

to prevent oxidation of the graphene during the writing process.

Two different femtosecond laser configurations were used for the writing experiments, short
30-40 fs and longer 250 fs laser pulses. The short pulses were taken from the non-collinear
optical parametric amplifier (NOPA, Orpheus-N, Light Conversion Ltd.) and were centered at
560 nm. Pulse energies for the writing were 5 - 25 pJ/pulse. The longer pulses centered at 515
nm were made using the second harmonic generation from the fundamental of the laser and the
energy was ~40 pJ/pulse. The writing speed was varied for different structures from 0.1 s to 10 s

per spot.

Raman spectroscopy

Raman measurements were carried out with a home-built Raman setup in a backscattering
geometry using 532 nm excitation wavelength produced with continuous wave single frequency
laser (Alphalas, Monolas-532-100-SM). The beam was focused on a sample and the signal was
collected with a 100x microscope objective (Nikon L Plan SLWD 100x with 0.70 N.A.). The
scattered light was dispersed in a 0.5 m imaging spectrograph (Acton, SpectraPro 2500i) using
600 g/mm grating (with resolution: ~ 5 - 7 cm™). The signal was detected with EMCCD camera
(Andor Newton EM DU971N-BV) using 60 pum slit width. A beam splitter was placed between
the objective and the spectrometer in order to observe the exact measurement point visually. The
Rayleigh scattering was attenuated with an edge filter (Semrock). The approximate sample

positioning was done with XYZ-piezoscanner (Attocube, ANPxyz101) with smallest step of 50



nm in each direction. A laser power of ~1 mW was utilized and measurement time per
accumulation was 5 s. Mapping was conducted using 300 nm steps between measurement points

and the total map consisted of 50 x 50 points.

Atomic Force Microscopy

All imaging and characterization was made on a Bruker Dimension Icon atomic force
microscope, using Peak Force Tapping mode. ScanAsyst Air probes from Bruker were used
during imaging with the peak force limited to 2 nN. Nanoindentation was made with RTESPA-
300 probes from Bruker. The cantilever spring constant was determined to be 50.9 N/m, using
the Sader method." With a nominal radius of 8 nm, the RTESPA-300 probe tip was just before
nanoindentation measurements characterized to have a radius of 31.5 nm. The AFM images in
Figure 4 have been smoothed with a Gaussian low-pass filter to suppress noise and visually

enhance the patterned 3D structures.

XPS

XPS (X-ray photoelectron spectroscopy) measurement was conducted at National Synchrotron
Radiation Research Center, Taiwan (SPEM end station of beamline 09A1). The soft X-ray beam
(photon energy 620 eV) was focused with Fresnel zone-plate optics to achieve spatial resolution
of 100 nm. The photon energy was routinely calibrated with the core-level line of Au at binding
energy 84 eV. The overall energy resolution was better than 100 meV, and the experiments

were conducted at room temperature.



Simulations

The elastic modeling of graphene used thin sheet elasticity theory, known to describe deformed

graphene over several length scales.”” The in-plane elastic modulus was k =21 eV/A?, the

Poisson ratio v=0.2, and the bending modulus k, =1.0 eV.*” The strain tensor €,5(r) was
modified into e',5(r)= eaﬁ(r)—5eaﬁ(r) in order to account for the expansion field &(r). To

simulate the 2x2 um’ square patterns, we fixed 5x5 um® sheets at the edges, discretized them

on a 200x200 rectangular grid and optimized to stresses below 107 eV/A? under the given
expansion field using the FIRE method.” The flimsiness of sheets required multiple initial
guesses to ascertain the topography of the global energy minimum. The substrate was treated as a

hard surface, which was justified, because a lower threshold for g, below which the graphene

would have preferred to stay flat on the substrate, was not observed in the experiment. The

strains in the pyramid levels were calculated from the experimental (cumulative) irradiation

times 0.5s,1.0s,2.0s,and 3.5 s by using a 3.9x10~ s strain rate. Eq. (1) was derived by first

noticing that the length expansion across any line profile is AL = Je(r)ds , which for a square

pattern of length L, becomes AL, =¢g,(L,+FWHM x./m/logl6). Structure of height h

requires an expansion AL, =°h> /8w, assuming an edge height profile Asin’(x7/2w), where
w is the edge width (h<w) and x is the distance along the substrate (0<x<w); Eq. (1)

follows by setting AL, =AL, .

The atomistic simulations of Stone-Wales (SW) defects were done using the LAMMPS
package with the REBO interatomic potential.”* SW defects were created in periodic simulation

cells of rectangular shape and varying aspect ratio; the SW defect density was the inverse of the



cell area. Structures were optimized to maximum force criterion 0.5 meV/A under a planar

constraint and the mean expansion was calculated from the stress tensor.
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Figure S1. Height of elevated structures as a function of irradiation time per spot. The height
data is extracted from the AFM data set in Figure 1a. The red curve shows a fit to square root

dependence on the irradiation time.
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Figure S2. Raman spectra from the sample in Fig. 1. The labels show the irradiation time per

spot. The dashed line indicates the O-level of the signal.
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ABSTRACT: In nanofabrication, just as in any other craft, the scale of spatial details is
limited by the dimensions of the tool at hand. For example, the smallest details of direct
laser writing with far-field light are set by the diffraction limit, which is approximately half
of the used wavelength. In this work, we overcome this universal assertion by optically
forging graphene ripples that show features with dimensions unlimited by diffraction. Thin
sheet elasticity simulations suggest that the scaled-down ripples originate from the
interplay between substrate adhesion, in-plane strain, and circular symmetry. The optical
forging technique thus offers an accurate way to modify and shape 2D materials and
facilitates the creation of controllable nanostructures for plasmonics, resonators, and nano-
optics.

ne of the central aims in nanoscience is to be able to Given the ubiquity of various limitations, there is urgency to
modify nanostructures at will. Modifications are improve techniques to modify and engineer 2D materials
necessary because it is rarely the pristine materials but the scalably, accurately, and preferably in situ, without customized
modified and engineered materials that establish functionalities preparations.
for practical applications.”> Modifications are particularly In this work, we demonstrate optical forging of graphene
necessary for 2D materials.”* Graphene, for instance, gains into circular ripples with features much smaller than the size of
specific functionalities once modified into ribbons,® intro- the laser beam. By using thin sheet elasticity simulations, the
duced with pores or adsorbants,™'° or curved into 3D rippling is shown to arise from the interplay between substrate
shapes.'' '3 adhesion, in-plane stress due to optical forging, and the
However, all modification techniques have their limitations. underlying circular symmetry. Being based on direct irradiation
Direct mechanical manipulation is either slow and accurate,"* of graphene without specially prepared experimental settings,
or fast, coarse, and nonreproducible."”'® Thermal anneal- optical forging provides a practical technique and thereby

ing,'”'® electron irradiation,'** chemical treatment,”"** and substantially broadens our abilities to modify and enhance the
Joule heating”® may be scalable but spatially imprecise due to functionalities of graphene and maybe even other 2D materials.
their random character. It is particularly challenging to modify To prepare the sample, we grew single-layer graphene by
2D materials into customized ripples and other 3D shapes. chemical vapor deposition (CVD) on a Cu substrate™ and
Such modifications frequently require dedicated experimental transferred it to thermally grown SiO,. For fabrication details
apparatuses®* or specially prepared substrates.”® The difficulty and graphene characterization, see the Supporting Information
for 3D modification lies partly in substrate adhesion. Although (8D).
often of weak van der Waals type, adhesion effectively prevents Selected points in the sample were then irradiated by a 515
controlled detachment of 2D membranes from the substrate. nm femtosecond laser focused with an objective lens (N.A. of

Limitations exist also in optical patterning. Although optical 0.8) to a single Gaussian spot. To prevent photoinduced
techniques may be scalable and easy to apply, the spatial details oxidation during the irradiation, thze sample was installed inside
are determined by the size of the focused laser beam. Creating a closed chamber purged with N,. 7 The laser produced 250 fs
patterns with details finer than beam size is just as difficult as pulses at 5—25 pJ/pulse energy and 600 kHz repetition rate for
scribbling equations on a piece of paper with a spray can. Still, a tunable irradiation time 7. This process is called optical
optical techniques have plenty of potential for exploration forging and results in blistering of the graphene membrane
because irradiation provides various mechanisms to modify 2D (Figure 1a and Movie 1 in the SI). Blistering occurs due to
materials, depending on laser energy and ambient atmos-
phere.”**” One particularly promising, still mostly untapped Received: August 10, 2018
technique is the so-called optical forging, which alone enables Accepted: October 11, 2018
controlled and on-the-fly 3D shaping of graphene.”® Published: October 11, 2018

ACS Publications  © 2018 American Chemical Society 6179 DOI: 10.1021/acs jpclett.8b02461

A4 J. Phys. Chem. Lett. 2018, 9, 6179-6184



The Journal of Physical Chemistry Letters

Figure 1. Monitoring the gradual formation of optically forged graphene blisters on SiO,. (a) In optical forging, graphene is irradiated by focused
femtosecond laser beam under an inert N, atmosphere. The laser creates defects that cause isotropic expansion of graphene membrane and trigger
the formation of blisters. The blisters are hollow and not pressurized.”® (b) Atomic force microscope image of blisters formed at progressively
increasing irradiation time 7 (numbers show 7 in seconds; highest features are 60 nm). Blisters form at 7 > 0.4 s, initially with one circular ripple,
later with several ripples and a dome in the center. (c) Zoom into an irradiated area with 7 = 0.2 s, where the graphene still remains flat. Visible are
only the patchy residues from sample processing. (d) Zoom into a blister with one ripple (z = 1 s). (e) Zoom into a blister with multiple ripples (¢

=50 s). Scale bars, 1 pum.

local expansion of the membrane, caused by laser-induced
defects and the related compressive in-plane stress.”® The local
expansion field &(r) therefore depends on the time-integrated
laser intensity profile I(r), which enables accurate control over
the expansion and blister height via the irradiation time 7.
Consequently, we irradiated the sample at separate spots for
irradiation times ranging from 7 = 0.1 to 3600 s. Finally, the
blistered sample was characterized by Raman spectroscopy and
measured by an atomic force microscope (AFM; see the SI).

The systematic increase in irradiation time produced a
nontrivial but beautiful and reproducible pattern of blisters
(Figure 1b and Figure $4). In particular, blisters had profiles
more complex than the usual domes.’® At short irradiation
times (7 < 0.4 s) the graphene remained flat on the substrate
(Figure 1c). At intermediate irradiation times (0.4 <7< 2s),
the graphene developed blisters with one circular ripple
(Figure 1d). At long irradiation times (z > S s) the graphene
developed concentric ripples in progressively increasing
numbers and a gradually developing central dome (Figure le
and Movie 2 in the SI). Parts of the area between the blisters
were detached from the substrate because the laser irradiated
also during the movement from one spot to another. Note that
the radial features in the ripples have dimensions down to 100
nm, nearly 10 times smaller than the laser spot and the ripple
diameters themselves. Optical forging can thus reach 3D
shaping of graphene that beats the diffraction limit. This is our
main result.

To quantify the expansion of the graphene membrane, we
used AFM height profiles to measure the increase in the

6180

surface area of the blisters. Within the projected areas of ~1
um? the corrugated membrane areas increase nearly
monotonously upon increasing irradiation time, reaching
1072 ym?® (~1%) area increase at 7 = 1 h (Figure 2a). Initially,

1.0 15
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Figure 2. Effective expansion of graphene membrane during laser
irradiation. (a) Area increase due to blister formation, as measured
from the blister profiles of Figure 1b (right scale). Area increase
transformed into maximum linear expansion in the middle of the laser
spot (left scale). (b) Zoom into 7 < 150 s. A linear fit gives an
expansion rate 1.5 X 107 %/s or 22 nm*/s (dashed line). The vertical
bars are uncertainties in blister areas.

the area increases linearly in irradiation time, at rate 22 nm?/s
(Figure 2b). This area increase was used to determine radius-
dependent linear expansion, &(r). By assuming here a one-
photon process and a Gaussian laser intensity profile I(r), we
obtain

e(r) = &, exp(—4r* log 2/fwhm?”) (1)

DOI: 10.1021/acs.jpclett.8002461
J. Phys. Chem. Lett. 2018, 9, 6179-6184
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Figure 3. Thin sheet elasticity modeling of blisters with &, = 0.017% and €,4, = 0 (no substrate adhesion). (a) Blister with one central dome. (b)
Blister with one circular ripple. (c) Blister with two concentric ripples and a central dome. Panels show visualizations (left; height exaggerated),
radial height profiles a,(r) (middle), and the slopes of the radial height profiles a,'(r) (right). Dashed lines on the right show the analytical limits

for a,(r) from eq 3.

where r = 0 at the center of the spot and fwhm = 800 nm is the
full width at half-maximum of the laser beam. Because the laser
focal spot was difficult to maintain, fwhm had to be treated as a
parameter and adjusted to give the best overall fit to the
observed lateral dimensions in the experiment. The maximal
expansion &, increases at the rate 1.5 X 1072 %/s at short
irradiation times and saturates at almost 1% at long irradiation
times (Figure 2). The initial linear rate and the saturation are
in good agreement with previous experimen’cs.28

The diffraction-unlimited rippling suggests a mechanism that
involves competition between surface adhesion and expansion-
induced stress. To investigate the mechanism in detail, we
simulate blister growth by classical thin sheet elasticity
model.>’ Such models have proven successful in the modeling
of deformed graphene membranes.'®**™*® The energy in the
model contains in-plane strain energy, out-of-plane bending
energy, and surface adhesion. The laser-induced isotropic
expansion is introduced via the diagonal of the in-plane strain
tensor as e,4(r) = eh5(r) — 5,pe(r), where £(r) is the expansion
field and €4(r) is the strain tensor of the unexpanded, pristine
graphene.”® The adhesion is modeled by the generic 12—6
Lennard-Jones potential.’” This model was discretized,
implemented in two computer codes (with and without
circular symmetry), and used to optimize blister geometries for
given &, and adhesion energy e,0"" For details, see the SI.

Before analyzing the model in full, it is instructive first to
ignore adhesion and calculate a few analytical results. Because
of the smallness of the graphene bending modulus, on
micrometer-length scales the mechanical behavior is domi-

6181

nated by in-plane strain energy.’’ The strain energy is
minimized when e, 0 or e Spe(r). To a first
approximation, eq 1 then implies an area increase of AA = [/
(2 log 2)] X fwhm?e,. (This relation was previously used to
transform AA into &) With the displacement vector d(r) =
a,(r)7 + a,(r)z, the diagonal components of the strain tensor
become

~
~

~
~

(1) = a/() + 216/ + o/ ()] = e(r)

) = ()7 + Sl ()T = e(r) o

where r refers to radial and t refers to tangential in-plane
component, and prime stands for a derivative with respect to r.
Because the in-plane strain energy minimizes at e,; ~ 0, we
obtain a,(r) ~ re(r) and

a,(r) m £,/16log 2 X &(r) (r/fwhm)

That is, when the membrane adapts to isotropic expansion
under radial symmetry, energy gets minimized by adjusting
the slope into a fixed absolue value. When the slope is
negative for all r, integration yields the profile

a,(r) = fwhm X \/&(r)/log 2. This profile corresponds to a

blister with one central dome and a maximum height of
hopax = fwhm X \/€;/log 2. The numerically optimized blister
profile follows this analytical estimate accurately (Figure 3a).

©)

DOI: 10.1021/acs.jpclett.8002461
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However, positive and negative slopes in eq 3 are equally
acceptable. Because the energy cost of bending is small, it is
cheap to create a kink that reverses the sign of a,’(r) abruptly.
This kink appears topologically as a perfectly round ripple
(Figure 3b). Multiple kinks at different radii produce
concentric ripples of varying heights and diameters (Figure
3c). Compared with the scale of in-plane strain energy, blisters
of different ripple counts are nearly isoenergetic. When the
number of ripples increases, the slopes progressively deviate
from eq 3. Otherwise, the analytical description of the blister
profiles without adhesion is apparent.

The role of adhesion, then, is to pull the membrane down,
toward the substrate. Understanding the behavior of adhesion-
free membranes is helpful, but when elastic and adhesive
energies compete, we have to rely on numerical simulations.
We took a closer look at the blister with 7 = 1 s, which is near
the onset of blistering (Figure 1d). This 4 nm high blister has a
0.97 pm ripple diameter and &, = 0.017% expansion, as given
by the AFM profile. We simulated this blister using the
experimental &, and adhesion in the range ,4, = 0.1 eV/nm’

When &4, < 1 ueV/nm?, the ripple is broad and the middle
of the blister is mostly detached from the substrate, disagreeing
with the experiment (Figure 4a); adhesion remains a minor
perturbation to the zero-adhesion profile (Figure 3b). When
€£,qn > 10 peV/nm?, in turn, the ripple becomes too narrow and
shallow, also disagreeing with the experiment; when ¢,4, 2 100

0.01  0.02 0.03 0.04

Expansion (%)

300 0 300 600

Radial distance (nm)

0 L
600

Figure 4. Thin sheet elasticity modeling of blisters with adhesion. (a)
Experimental profile of 7 = 1 s blister (black curve) compared with
simulated profiles of one-ripple blisters with different adhesions (blue
curves from top to bottom: &,4, = 0, 0.5, 1.0, 3.0, 10, and 100 peV/
nm?). (b) Height of one-ripple blister as a function of expansion &
(c) Contour plot of a one-ripple blister with &, = 0.017%

(corresponding to 7 = 1 s, Figure 1d). (d) Contour plot of a
multiple-ripple blister with ¢, = 0.09% (corresponding to 7 = SO s,
Figure 1e). (e) Contour plot of £(r)/g, for all blisters. The color scale
is linear from zero to one. (f) Contour plots for all energy-optimized
blisters, using the expansions from Figure 2b and the initial guesses
from Figure 1b. Scale bar, 1 ym. Field of view in panels c—e is 2.2 X
2.2 um* Panels b—f have e,q, = 3 yeV/nm?% and all blisters are
optimized without imposing radial symmetry.
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ueV/nm?, the membrane ultimately snaps flat on the substrate.
However, around &4, =~ 3 peV/nm?% adhesion pulls the
membrane down so that both the ripple width and height agree
with the experiment. Using the adhesion €,q, = 3 yeV/nm?
one-ripple blistering occurs at &, & 0.005%, and the blister
height increases linearly when &, further increases (Figure 4b).
This simulated trend agrees with the experimental trend in
one-ripple blisters (7 < 2 s). These agreements suggest that the
adhesion between laser-modified graphene and SiO, is
observable but substantially smaller than typically observed
for pristine van der Waals solids and clean interfaces.*’

For completeness, we optimized all 18 blisters by using &4,
= 3 peV/nm* and by adopting the observed set of ripples as
initial guesses. After optimization, the resulting pattern of
blisters turned out similar to the experimental ones (Figure 4f).
At small &, stable blisters have only one ripple (Figure 4c), but
at larger &, stable blisters have multiple ripples (Figure 4d).
Simulations capture the main features of the experimental
blisters, even if they deviate with respect to certain details,
presumably due to the asymmetric expansion field and small
variations in the initial conditions of the graphene membrane,
generated during the sample fabrication.

Yet a question remains: Why do blisters initially appear with
one circular ripple? This question can be addressed by
considering eq 3. The preferred slope has a maximum at
ry = fwhm/ 2JIn2= 048 pm. In other words, around radius
ro, the energy to keep the membrane flat is the largest. When
the in-plane stress in a flat membrane increases upon
increasing €, it becomes energetically favorable to release
the stress by creating the kink right at r, and making a circular
ripple with diameter 2ry = 0.96 um. This result agrees well with
the observations. Upon continuous irradiation, after the initial
ripple has appeared, the ripple height increases until it becomes
energetically favorable to create more ripples. This implies a
process-dependent rippling of ever-increasing complexity.

This scenario for rippling was confirmed by performing
global optimizations for blisters with &,4, = 0.1—100 eV/nm?,
& = 0.001..1%, and various types of initial guesses. First, at
sufficiently small &, the membrane remains flat without
blistering. A critical limit for blistering is around &; &~ 0.02 X
(e,qn/€V nm~2)2. Second, when &, increases just above the
critical limit, the first blisters always have one ripple with
diameter Dy & 1 pm, independent of &,4,. This result is in
agreement with the experiments and with the maximum-slope
argument given above (D, & 2r,). Third, at intermediate
values of &, blisters show a complex pattern of ripples of
varying heights and diameters. Fourth, at the limit of large &,
the in-plane strain energy dominates, and the minimum energy
blisters always have one central dome (Figure 3a).

Compared with the typical magnitude of adhesion (1 to 2
€V/nm?) between clean interfaces of van der Waals solids,**~**
the adhesion in the model (~1 weV/nm?) is small. The
smallness, however, is apparent even in a back-of-the-envelope
calculation. Namely, upon blistering, the gain in elastic energy
density is keg/(1 — ), and the cost of adhesion energy density
is €,q,. At the onset of blistering, the two energies are equal,
€.an ~ k&d/(1 — ). Because the blisters appear at &, ~ 0.02%,
the adhesion has to be around 1—10 weV/nm? The small
adhesion may be due to water or functional groups,**
topographic corrections,” electrostatics due to localized
charge traps,*® or other experimental details.*”*® A detailed

~
~
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investigation of the laser-modified adhesion will be pursued
later.

To summarize, by using the optical forging technique, we
created diffraction-unlimited circular ripples in graphene on
SiO,. The rippling could be explained by the presence of
circular symmetry amid the competition between substrate
adhesion and in-plane compressive stress. In other words, the
tiny rippling results spontaneously after creating an inhomoge-
neous expansion field on a much larger length scale. We can
therefore straightforwardly predict that upon shrinking the size
of the laser beam, the ripples will get smaller still. Once the
mechanism responsible for the expansion of graphene is
understood better, the technique could also be applied to other
substrates and 2D materials. However, already now the
technique and our observations provide many openings for
novel research. A straightforward extension will be to control
the rippling by engineering beam shapes. The technique
produces beautiful circular blisters that probably have well-
defined vibrational frequencies and can be used in
resonators.”” Via the formation of circular ripples, the
technique also produced controllable curvatures that can be
used to launch localized plasmons.®® Thus, in addition to
producing new physics and posing fundamental questions such
as that of the laser-modified adhesion, the technique opens
new avenues in the research of 2D materials.
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Sample fabrication

To prepare the sample, we grew single-layer graphene by chemical vapor deposition (CVD)
on a Cu substrate, prepared by Cu evaporation onto a single crystal Sapphire wafer cut in
the C planel. The Cu layer crystals preferably align with a (111) surface, which has minimal
lattice mismatch for catalysis of graphene. The CVD synthesis was done in a tube furnace at
1070°C with 45 min pregrowth annealing under 450/30 sccm flow of Ar/H,, under which
secondary Cu grain growth takes place, and a 5 min growth time under additional 2 sccm
flow of CHa. The graphene was subsequently transferred onto a p-doped Si wafer with 300
nm thermally grown SiO,. PMMA was used as support layer and ammonium persulfate as
the Cu etchant. The PMMA support layer and graphene stack was cleaned thoroughly in
four consecutive baths of distilled water, followed by a 10% HCl bath to remove metal
residues. The stack was then washed in another four distilled water baths before placed on
the SiO; surface. After removal of PMMA in acetone, the graphene sample was annealed at
300°C for two hours under 200/10 sccm flow of Ar/H; to clean the graphene surface from
residual PMMA contamination.

Characterization of graphene

The graphene was characterized after synthesis using Raman spectroscopy. All the Raman
measurements were done using a home-built setup with 532 nm incident laser, laser power
of 1 mW and 100 um slit width. More details of the Raman setup can be found in our
previous works?3. Figure S1a shows a typical spectrum that has been acquired using two
accumulations with 20 s exposure time per accumulation, a 600 mm- diffraction grating and
center wavelength of 600 nm. Figure S1b shows a spectrum of the 2D band of our graphene,
acquired using two accumulations with 60 s exposure time per accumulation, 2400 mm!
grating and center wavelength of 621 nm. The red line in Fig. S1b is a single Lorentzian fit to
the data. This shows that the 2D band is defined by a single Lorentzian, which is indicative of
single layer graphene. The Raman characterization was done from several areas and it
showed continuous single-layer graphene coverage®.



AFM imaging was made on a Bruker Dimension Icon atomic force microscope, using Peak

Force Tapping mode. ScanAsyst Air probes from Bruker were used during imaging with the
peak force limited to 2 nN. This ensured the membranes were not compressed, as we have
in a recent study shown with nanoindentation measurements that significant compression
occurs only at much larger forces [2].
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Fig. S1. Raman spectra of graphene after synthesis. a) Spectrum showing all the main
Raman bands of graphene. b) A higher resolution spectrum of the 2D band with a single
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zian fit (red line).

Individual spectra from the middle points of six blisters with highest exposure time are
shown in Fig. S2. The D-band increases in intensity and broadens upon irradiation,
indicating increasing number of defects, while the 2D-band loses intensity.
Simultaneously a broad background increases. Though it broadens, the G-band is
present even after the highest irradiation dose, showing that graphene is still present.
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Fig. S2: Raman spectra from the middle points of six blisters on the bottom rows in Fig.
S4. Non-irradiated graphene is shown for reference. The systematic changes in the
spectra demonstrate the ability to control the defect density, whichat2sand5 s
irradiations is still modest.

A Raman map of the D-band of graphene blisters is presented in Fig. S3. The map was
collected using the same equipment as above, except that each spectrum was measured
using two accumulations with 5 s exposure time per accumulation, a 600 mm-!
diffraction grating and center wavelength of 585 nm. The map was made by integrating
the area under the spectrum between 1300-1400 cm™ in each spot. This takes into
account the intensity of the D-band and the broad background. The step size of the scan
was 0.325 um and the data has been interpolated to smoothen the map.
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Fig. S3. D-band Raman map of two sets of blisters with irradiation times ranging from 0.1
to 3600 seconds (cf. Fig. S4).

The AFM imaging, after the laser irradiation process as described in the main text, was
done using Bruker Dimension Icon atomic force microscope with peak force tapping
mode. Figure S4 shows an image of the two sets of blisters, of which the upper one is
shown in Fig. 1b.

Fig. S4. Atomic Force Microscopy image of two sets of blisters with irradiation times
ranging from 0.1 to 3600 seconds. Color scale is linear from 0 to 60 nm; scale baris 1

um.



Computer simulations using thin sheet elasticity theory

Graphene blisters were modeled by continuum thin sheet elasticity theory, known to work
well in graphene over several length scales®™. Here, the total energy of a sheet with the
deformation # = #° + d was obtained by the integral E = [ FdA over the total energy
density F = F; + Fj, + F,,,. The first term represents the in-plane strain energy

Fo= [ (e + o) = (=) ety — e3)|.
where kg = 20 eV/A? is the in-plane elastic modulus, v = 0.22 is the Poisson ratio®, and
eap = %(Z—Z . Z—; - 504;) is the strain tensor. The effect of non-zero, isotropic expansion
&(r) is accounted for by subtracting it from the diagonal of the strain tensor, €ap = eaoﬁ -
Sape(T), where egﬁ is the strain tensor of the unexpanded, pristine graphene. The second

term represents the bending energy density

k
Fy = 5[ (Cox + Cy)* =200 =) (€ = €3)],
2
"9a-0B
the surface normal 71. The third term represents the energy density due to substrate
adhesion, for which we used the Lennard-Jones 6-12 potential,

5 d\* 2 7d\®
Fext=—§fvdw(z) 1‘5(;) '

where g4y is the adhesion strength (energy per unit area) and d is the bonding distance.
The blisters’ large heights (d < h) render the form of the potential irrelevant and make the
energy difference €,4y between adhered and detached membrane the only relevant
parameter. Therefore, the results are independent of this particular choice of van der Waals
potential.

where k;, = 1.0 eV is the bending modulus and Cop = n is the curvature tensor, with

This theory was discretized using two computer codes. First, to exploit the circular
symmetry of the blisters, the membrane was discretized in radial direction using
displacement vector a(r) = a,(r)# + a,(r)Z [cf. Eq.(2) in the main text] (with maximum
radius of 1.6 wm and 1000 radial points). Second, in order to allow for arbitrary
deformation after efficient pre-screening using circular symmetry, the theory was
discretized and simulated using general two-dimensional deformation field @(x,y) =

a, (x, y)% + a,(x,y)9 + a,(x,y)Z (with 2 x 2 pm? area and 200 X 200 points). The
deformation fields were obtained by minimizing the total energy functional E[d] with
respect to d(r) or d(x, y) below 1078 eV/A force tolerance using Broyden-Fletcher-Golfarb-
Shanno (BFGS) optimization method.
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Properties of graphene, such as electrical conduction and rigidity can be tuned by introducing local strain or
defectsinto its lattice. We used optical forging, a direct laser writing method, under an inert gas atmosphere,
to produce complex 3D patterns of single layer graphene. We observed bulging of graphene out of the
plane due to defect induced lattice expansion. By applying low peak fluences, we obtained a 3D-shaped
graphene surface without either ablating it or deforming the underlying Si/SiO, substrate. We used
micromachining theory to estimate the single-pulse modification threshold fluence of graphene, which
was 8.3 mJ cm ™2, being an order of magnitude lower than the threshold for ablation. The control of
exposure parameters allowed the preparation of blisters with various topographies. The optically forged
structures were studied with atomic force microscopy and Raman spectroscopy. Optically forged blisters
act as building blocks in the formation of more complex structures. We found a simple geometric rule
that helps to predict the shape of complex patterns which are created by the overlapping multiple
exposures. Optical forging enables writing of extended patterns with diffraction unlimited features, which
makes this method promising in the production of nanodevices with locally induced surface modifications.
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Introduction

Femtosecond laser micromachining is a well-established
method in the fabrication of micrometer-scale patterns and
three-dimensional devices, thanks to the beneficial properties
of the method, such as sub-micrometer scale precision, mask-
free processing and confinement of the induced changes to
the laser focal volume."” Recently, laser micromachining has
gained more attention in the alteration of the physical or
chemical properties of 2D materials. It was shown to be useful
in localized modification and thinning of multilayered gra-
phene,’ and 2D MoS,,* WS,,” and PdSe,.° Direct laser patterning
was used for phase transformation of 2D PdSe,.° It was used in
micro-cutting,”® in ablation of graphene,”** and in producing
micro and nano-disks.** Direct laser writing was also applied for
graphene oxide reduction,” for oxidation of graphene in
a controlled manner,'®"” and patterning of the p-n junction in
graphene.*®
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Recently, we demonstrated that optical forging, a direct laser
writing method with a tightly focused femtosecond laser beam
under an inert gas atmosphere, can be used for 3D shaping of
graphene.'”?' Optical forging leads to controllably induced
defects, causing lattice expansion and bulging of graphene out
of the plane. With a sufficiently large optical forging dose,
graphene exhibits strong luminescence.”

In this study, we present how optical forging can be used to
create spatially precise and well-defined 3D patterns in a single
layer of graphene. By careful choice of femtosecond laser
exposure parameters, we induce a desired amount of defects
over a spatially confined region on the chip surface. Depend-
ing on the laser parameters, the shape of the primary laser
writing element varies from a Gaussian-shaped dome to a ring
structure with sub-diffraction limited ripples.>® Overlapping
basic writing elements leads to extended patterns, the shapes
of which depend on the sequence of writing of discrete
elements. The overall appearance of the patterns follows
a simple geometric rule. These systematic studies on step-by-
step optical forging provide basic know-how for complex
design and 3D shaping of graphene. The presented method
enables writing of extended patterns of 3D objects having
feature sizes down to, and even below, 100 nm at the FWHM,
while using a far-field laser beam. The introduced out-of-plane
deformation in graphene additionally forms a basis for strain
engineering of its electronic and photonic properties.” This
method possibly can be expanded to other 2D materials,
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opening an exciting new perspective of modification of atom-
ically thin materials.

Experimental section
Sample fabrication

For both samples used in this study, the graphene was synthe-
sized on Cu(111) thin films evaporated onto single crystal
sapphire (0001) substrates. The catalyst film was annealed at
1070 °C under gas flows of 470 sccm argon and 30 sccm
hydrogen for 45 minutes. After annealing, the graphene growth
was initiated by injecting 2 scem of 1% methane in argon to the
furnace while keeping the temperature at 1070 °C. The growth
time was 7 minutes. After the growth, the samples were taken
out of the hot zone of the furnace and allowed to cool down.
The graphene films were transferred by a standard PMMA
transfer method* onto a target substrate, which was a silicon
chip with a 300 nm thermal oxide film and a metal marker grid
on top. The samples were spin-coated with a PMMA layer and
the copper was etched in 1 M ammonium persulfate solution
leaving the graphene/PMMA stack floating on the liquid. Then
the graphene was rinsed in DI water, placed in 12% HCI to
remove possible metal residues, rinsed again in DI water and
placed onto the Si/SiO, substrate. The samples were baked on
a hot plate at 120 °C for 5 minutes to evaporate water between
the substrate and the graphene. After this the PMMA film was
removed with acetone and IPA. Sample 1 was annealed first at
200 °C in an O, atmosphere for 30 minutes, then at 300 °C in an
Ar/H, atmosphere for two hours and finally at 300 °C in an O,
atmosphere for two hours. Sample 2 was annealed at 300 °C in
an Ar/H, atmosphere for two hours to remove PMMA residues.

Optical forging

Direct laser writing of the patterns was performed with
a 515 nm femtosecond laser (Pharos-10, Light Conversion Ltd.,
600 kHz, 250 fs pulse duration) focused with an objective lens
(N.A. = 0.8) to a Gaussian spot. Detailed setup description was
presented previously.” The laser writing was performed under
a nitrogen purge to prevent photo-oxidation of graphene during
the writing process. The pulse energies were varied between 20
and 120 pJ. Blisters were irradiated by single spot exposure with
irradiation time from 0.1 to 300 s per spot. The complex
patterns were prepared by step-by-step irradiation with separa-
tion distances between consecutive laser spots of up to 1.5 pm.

All presented data belong to the optical forging studies
performed on sample 1. An exception is etching data which
were obtained from sample 2.

AFM characterization

AFM imaging was made on a Bruker Dimension Icon Atomic
Force Microscope (AFM) in the PeakForce Quantitative Nano-
mechanical Mapping (QNM) mode. ScanAsyst Air probes from
Bruker were used during imaging with the peak force limited to
2 nN. The diameter of the blisters was estimated from the
collected height image. The Bearing Analysis tool from Nano-
scope Analysis 1.9 software was used to estimate the volume
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expansion of created structures. This tool allows to obtain
information about how much surface lies above or below
a given height. In the analysis, the AFM height image of each
forged blister is sliced at a specified height, AZ. A plane drawn
at the AZ gives an area that is occupied by a region above the
indicated background level. By summing areas for each AZ
between 0 < AZ = Z,ax, Where Zy,,, is the height of the blister,
the bearing volume information of the 3D structures is
obtained.

Raman characterization

Raman measurements were carried out with a home-built
Raman setup in a backscattering geometry using a 532 nm
excitation wavelength produced with a continuous wave single
frequency laser (Alphalas, Monolas-532-100-SM). Detailed setup
description was presented previously.'”” Mapping was conducted
using 250 nm steps between measurement points. A laser power
of ~0.25 mW was utilized. Two accumulations per each point
were collected with 6 s measurement time per accumulation.

Oxygen plasma etching

Oxygen plasma etching was carried out using an Oxford
Instruments Plasmalab 80 Plus reactive ion etcher. Plasma was
generated using a 30 mT magnetic field at a chamber pressure
of 30 mTorr and an oxygen flow of 30 sccm. The etching was
performed with a forward power setting of 20 W for 30 s on
sample 2.

Results and discussion

Optical forging experiments were performed in an inert atmo-
sphere to prevent oxidative processes." We used tightly focused
pulses with a 515 nm wavelength and 250 fs duration at a
600 kHz repetition rate to modify the graphene surface. In order
to determine the influence of the laser dose on the shape of the
forged blisters we prepared a series of laser exposures with
increasing pulse energies (20-120 p]J) and irradiation times per
spot (0.1-300 s), which corresponds to 6 x 10* to 1.8 x 10°
applied laser pulses per spot. The laser dose is described as the
pulse energy multiplied with irradiation time per spot and
divided by the laser spot size, expressed in pJ s cm 2. The blister
topography profile was subsequently characterized by atomic
force microscopy (Fig. 1a). A single blister is the smallest unit
which can be forged. Thanks to the reproducibility of the
process, for which an example is presented in Fig. S1,f the
blister can be used as a building block to create large and
complex structures (presented later). By changing exposure
parameters, we gained control over produced blister features
such as its height, outer diameter, and complexity (e.g. more
than one fringe). The cross-sections of blisters are presented in
Fig. S2.1 Blisters are relatively plastic, and their shape changes
upon further irradiation.”® An increase in dose increases the
overall diameter, D, of the formed pattern, which follows loga-
rithmic dependence (Fig. 1b). Blisters with diameters below
1.1 pm exhibit a dome-like structure. Increasing the laser dose
introduces a pit in the blister (D = 1.15-1.25 um), until at higher

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) AFM topography image of blisters formed at different exposure times and laser pulse energies. Scale bar 2.5 um. (b) Blister diameter as

a function of irradiation time (number of applied pulses). Dashed line shows an estimated beam diameter with its uncertainty (pink shade). (c)
Squared blister diameter as a function of peak fluence. (d) Calculated laser threshold fluences for N-pulses plotted versus the number of applied

pulses with presented fitting of the power law from eqgn (3) (red line).

doses, a single ring-like fringe is formed (1.25 < D < 1.3 pm).
Further irradiation causes the appearance of a central dome
and/or more fringes (D > 1.3 pm). The blisters have features that
are significantly below the diffraction limit as was observed
previously.”® For example, the ring can have a linewidth of
100 nm. It was suggested that the diffraction-unlimited rippling
occurs due to the interplay between surface adhesion and stress
induced lattice expansion.”® Additionally, blisters with diame-
ters equal to or larger than the beam size exhibit an increase in
the surface roughness.

We used well-established equations for the ablation
threshold in laser micromachining in order to obtain a modifi-
cation threshold fluence, Fy,(N), for optical forging.** For
applied N-pulses, the Fy,(N) can be determined from a plot of
the squared diameter of the forged blister, D? versus the laser
peak fluence, F, deposited on the sample related by:**

D= 2w021n< (1)

™)
Fin(N)
where w, is the 1/e¢* gaussian laser beam radius. The laser peak
fluence is related to the pulse energy, E, by
2E

F = 3
TCW(

@)

Eqn (2) shows a linear dependence between the laser pulse
energy and the peak fluence. Thus, the beam radius can be
obtained from plotting D* versus In(E). The average beam radius
was estimated to be w, = 0.60 + 0.02 um at 1/e* and was used to

© 2021 The Author(s). Published by the Royal Society of Chemistry

calculate the laser peak fluence from eqn (2). The squared
diameter as a function of applied laser peak fluence is presented
in Fig. 1c. The modification threshold fluence for N-pulses was
obtained by extrapolation of D” to zero. The estimated threshold
fluence was 2.3 mJ ecm ™ for an irradiation time of 0.1 s (6 x 10*
pulses), and it decreased with the number of applied laser
pulses. The obtained Fy,(N) values as a function of applied laser
pulses are plotted in Fig. 1d. The behavior of lowering threshold
fluences can be associated with an incubation effect.”® This
effect can be related e.g. to plastic deformation,*® heat accu-
mulation,” and defect formation.”® It was reported that in
a graphene/SiO,/Si stack, most of the significant absorption
occurs in the graphene layer.”” In addition, due to the use
of relatively short laser pulses (250 fs) and very low fluences
(F<25m]J em™?), we can possibly exclude heat accumulation in
our sample. In our system, the incubation effect can be assigned
to defect formation due to laser exposure. This is supported by
Fig. S3 and S4,f where we show Raman spectra collected for
optically forged blisters presented in Fig. 1a. Blisters prepared
with short exposures exhibit narrow D bands, which correspond
to introduction of point defects into the graphene lattice. An
estimated point defect density in non-irradiated graphene is
approximately 10"* em ™2, and it rapidly increases for the blis-
ters prepared using low laser doses (<2 x 10" pJ s cm ™ ?) up to
5 x 10'"" em™>. Higher doses increase point defect density at
a slower rate up to 10'> cm™ 2. Longer laser exposures and/or
increased pulse energies trigger a broadening of D and G
bands and increase the intensity of a broad background. Both
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changes support an increasing disorder in the graphene lattice.
The observed behavior was associated in our previous study
with the formation of line defects.> Nonetheless, all blisters
continue to exhibit spectral features of graphene, confirming
that the applied low range of fluences does not lead to ablation.
We proposed the Stone-Wales defects'®*' as plausible point
defects created in the graphene lattice, which can gradually
develop into extended line defects.>* We note that in studies by
other groups of laser-induced ablation of graphene,**** a blis-
tering effect was not observed. We also stress that the blisters in
the present study are smooth and have well-defined shapes,
with no signs of missing layer fragments. Moreover, we have
shown that pronounced bulging of graphene out of the plane
occurs only for optical forging experiments performed under an
inert atmosphere, where oxidative processes are excluded.'” To
our knowledge this is the first time when micromachining
equations were successfully applied to laser-induced graphene
modification studies, when the material is still intact, not
partially or fully ablated. This is due to visible blistering which
allows us to accurately estimate the diameter of the laser
affected area.
To find the relation between single pulse exposure and N-
pulse threshold fluence we used the equation:*
Fu(N) = F(DN! ®)
where Fy,(1) is the threshold fluence for single pulse exposure
and S is the incubation coefficient. From the data plot in Fig. 1d
and using eqn (3), the incubation coefficient can be estimated to
be S = 0.88, which is nearly identical to the reported value for
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graphene, S = 0.87, obtained from ablation studies."* The esti-
mated single-pulse modification threshold fluence for optically
forged graphene is then Fy,(1) = 8.3 + 1.2 mJ cm ™ 2. The ablation
threshold for graphene for single-pulse exposure was reported
to be ~200 mJ cm™? in air (A, = 790 nm, 50 fs to 1.6 ps),*® and
170 mJ cm 2 in an argon atmosphere (4. = 800 nm, 100 fs, 1
kHz).* These values are close to the theoretically obtained
ablation thresholds for graphitic films (250 mJ em™').*> Our
optical forging threshold is significantly lower than these
ablation thresholds. Therefore, we have a substantial margin of
fluences that can be used before removal of graphene occurs.
For completeness, we will also consider the effect of the laser
exposure on the underlying substrate of 300 nm SiO, on Si.
Rublack et al. reported single-pulse ablation and the melting
threshold for 100 nm SiO, on the Si substrate to be 219 + 4 mJ
em ™ ?and 137 + 2 mJ cm 2, respectively (A, = 515 nm, 280 fs).*
Above the melting threshold, a delamination of the SiO, layer
may occur. In our experiments we used similar laser parameters
(excitation wavelength, pulse duration), and therefore, we can
make direct comparison. Our estimated Fg,(1) value for gra-
phene modification is 25-times lower than the ablation
threshold and 16.5 times lower than the melting threshold for
single-pulse fluences of a SiO, layer. It is worth mentioning that
the nature of the delamination and consequent visible bulging
of a thin SiO, layer is different than in graphene. The bulging of
a SiO, layer or other thin layer materials is a pressure induced
lift off by melting and vaporizing of the silicon layer under-
neath.***¢ In graphene, bulging presumably occurs by the
expansion of the material lattice due to the presence of laser-
induced defects. The obtained modification threshold value is

60 pJ, 300 s

120 pJ, 150 s i
16nm 151 i

10 obh 1

40pJ,300s 80 pJ, 150 s '

40pJ,30s  120pJ,10s

0 1 2
Cross-section (um)

(a) Estimated volume of blisters and (b) squared volume as a function of applied laser dose. Dashed line represents least square fitting to the

points between 40 and 120 pJ. (c) AFM images of pairs of blisters prepared with the same dose: 0.11 x 10*2,1.06 x 102 and 1.59 x 10 pJ scm 2
and their corresponding vertical cross-section (marked by arrows). Above each AFM image, irradiation conditions are presented: pulse energy and

irradiation time. Scale bar 0.5 pm.
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also ~25 times lower than the reported single-shot ablation
threshold fluence for silicon, Fy,(1) = 220 mJ ecm > (A =
515 nm, 3 ps).”’ The fluences used in this study (F < 25 mJ cm?)
are therefore too low to introduce any changes to the substrate.
This was confirmed by removing optically forged graphene
squares through O, plasma etching. Subsequent AFM imaging
revealed an intact surface underneath the removed graphene
squares (Fig. S57).

In laser micromachining, the volume of created holes/craters
is frequently studied in order to provide information about the
quality of the ablation process. In our studies we do not create
holes in the material, but we fabricate blisters which are bulging
out of the plane. These structures can also be described with

a
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a volume parameter. We estimated the volume of expanded
blisters using the bearing analysis tool in Nanoscope Analysis
1.9 software (Fig. 2a). Blisters created with 40 to 120 pJ pulse
energies follow the same trend. Blisters formed upon irradia-
tion with 20 p] seem to have bit smaller volumes, but they
also exhibit smaller diameters. From Fig. 2b it is visible that
the squared volume expansion, V* increases linearly as a func-
tion of the applied laser dose. Fig. 2c¢ shows three pairs of
blisters formed with the same dose: 0.11 x 10'%, 1.06 x 10*?
and 1.59 x 10" pJ s cm ™% Each pair exhibits similar volume
expansion, however, possesses disparate shape/cross sections.
This could possibly be explained by different initial irradiation
conditions. Higher laser pulse energy produces blisters with
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35 nm. (b and c¢) Cross-sections of dimers formed under different experimental conditions. (d) Scheme illustrating the nomenclature of the parts
of blisters: B1 and B2 correspond to the first and the second irradiated blister, respectively, when they do not intersect, Il corresponds to the part
of the second blister after subtracting the intersecting part of two overlapping blisters, ISC. (e) Volume of a pair of blisters, Vioa, as a function of
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a larger lateral diameter and more pronounced ring structures,
whereas lower laser pulse energy and longer exposure produce
blisters with a smaller footprint and more dome shaped
structures.

We used our AFM's PeakForce Quantitative Nanomechanical
Mapping (QNM) mode to characterize the mechanical proper-
ties of graphene before and after optical forging. We collected
data on qualitative changes in adhesion, elastic modulus (fitted
with Derjaguin-Muller-Toporov model, DMT-modulus)*® and
deformation together with the topography measurements. The
collected data are presented in Fig. S6.1 All types of data show
a clear difference between irradiated and non-irradiated areas.
The adhesion data provide information about the adhesion
between the studied surface and the silicon tip. We noticed that
the adhesion is reduced in the area of irradiated spots in
comparison to pristine graphene, with the lowest value found
on the blister fringes, and on the central domes for blisters
larger than the beam size. Essentially, the lowest adhesion
corresponds to the highest part of the blisters. This may indi-
cate that graphene is detached from the substrate, and there-
fore, a smaller area of the sample interacts with the tip leading
to the smaller adhesion forces. The reduction of the adhesive
forces was associated with the delamination of graphene
crumples from the substrate in other studies.*® The deforma-
tion data give information about deformability of the sample
upon pressing with the AFM tip. The highest recorded defor-
mation does not correspond to the most elevated region of the
blister. It is located on the shoulder of dome-like blisters and
outer side of the fringe of ring-like blisters, meaning that this is
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the softest part. Assuming that blisters are empty inside, they
can flex sideways under the load on the outer side of the fringe.
This bending would show as increased deformation. Addition-
ally, the outer side of the blister should contain fewer defects,
which can be correlated with the shape of the gaussian beam,
leading to lower irradiation intensity at the edges. Larger lattice
disorder should occur closer to the center of the beam. The
relative values of the DMT modulus show that the rigidity of the
nanomaterial increases under laser exposure with respect to the
pristine graphene. However, used forces are too small to induce
material deformation in the in-plane direction, and therefore, it
is not certain if we observed just structural flexing, or also real
material properties. Blisters with the broad Raman background
have higher elastic modulus values. Structures with additional
central domes/or extra fringes exhibit mixed stiffness proper-
ties, due to high surface roughness. Change in the mechanical
properties of graphene is associated with the presence of
defects. The rigidity of graphene will depend on the amount and
type of introduced defects. It was reported that divacancy always
reduces the stiffness of graphene, while it is unclear if
a moderate number of sp’-type defects increase the sample
stiffness*®"" However, experimental studies on the relation
between graphene stiffness and defect concentration are still
limited. The correlation of high stiffness with the existence of
line defects in our studies needs to be verified by further
experiments.

After establishing the connection between the irradiation
dose and blister shape, we tested forming patterns through
multistep irradiation of basic writing elements. The simplest
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dimer. AFM images of an optically forged trimer with images of dimers

and single blisters used for comparison. Blisters were prepared with 60 pJ pulse energy. Irradiation times are shown in the figure. Order of
irradiation is marked in the schemes. Colour gradient from —15 to 35 nm. Scale bar 1 pm. Cross-sections of patterns formed under different
experimental conditions are presented. Vertical cross-sections were collected in the position indicated by a colour coded arrow.
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example is a dimer of blisters. In Fig. 3a we show the schematic
illustration of dimer formation by two-step irradiation with
varying horizontal distance, Ax, between the laser spots. When
Ax = 1.3 um the blisters do not intersect, while for Ax = 0 um
they fully overlap. In each pair, the blister on the left was created
(optically forged) first. Fig. 3a also contains AFM images of 6
sets of optically forged dimers prepared by varying irradiation
times: 10 s/60 s, 10 s/30°s, 10 s/10 s, 30 8/30 s and 60 s/60 s. One
of the most striking observations is that the structure of the first
blister is always maintained. The second laser exposure cannot
deform the overall shape of the previously formed blister but
forms a 3D shape under the part of the beam exposing an area
of pristine graphene. However, it can subtly expand the first
blister by following the volume to dose dependence. This can be
seen in the cross-section of the dimers presented in Fig. 3b and
c. The profile of the first blister stays virtually the same after the
second laser exposure. Small changes can be seen for full
overlap and longer exposure such as the 60 s/60 s dimer pair. A
full overlap mainly causes lattice expansion on the fringe exte-
rior. In the case of the 60 s/60 s dimer pair, a slight hint of the
presence of a central dome starts to be visible. This agrees with
the blister growth rule, which stipulates that a dome-like blister
evolves into a fringe-like blister and then into a fringe-like
blister with a central dome structure with increasing irradia-
tion dose.

(1

1.4 uym 1.0um 0.6 um
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To understand better the dimer formation, we estimated the
volume expansion of each pair of blisters, Vi (Fig. 3e). Firstly,
Ax = 1.3 um represents a situation when pairs of blisters do not
intersect. This provides information about volume expansion of
each blister separately, Vi, and Vg,. The dimer volume
decreases with decreasing Ax, showing that two overlapping
blisters yield a smaller volume than two individual blisters. The
dimer volume reaches its minimal value at full overlap, Ax =
0 pm. It then corresponds to the volume for a single blister with
irradiation time as the sum of both blisters. Full overlap is the
case when the highest expansion of the first blister is expected.
This gives about 45% volume increase for blisters with the same
irradiation time. By increasing Ax, the intersecting area,
Areagc, between blisters is reduced. Hence, the effect of
consecutive exposures on the first blister decreases in compar-
ison with full overlap. In the case of partial overlap, optical
forging does not provide sufficient energy to create further
visible changes in an already existing elevated structure. These
observations agree with the volume to irradiation dose depen-
dence of an individual blister, where V* o dose. The increase of
volume rate is very fast for low doses and does not change
considerably with the additional prolonged exposure.

On the other hand, a second exposure forms a 3D shape
mainly over a non-irradiated graphene surface, and on the outer
side of the existing blister. It has a fringe-like shape for Ax > 0.7
um, and a crescent-like shape for 0 < Ax = 0.7 um. We estimated

Fig. 5 Schemes I-IIl present complex patterning with marked order of irradiation. In schemes | and I, blisters with 10 s exposure per spot
(orange circles) were prepared first. In scheme llI, a blister with longer exposure was irradiated first (60 s, blue circle). All blisters were prepared
with 60 pJ pulse energy. Topography AFM images of obtained patterns with (a, f and h) full and (b) reduced colour scale, and corresponding (c)
adhesion, (d) deformation and (e, g and i) DMT modulus data. Scale bar 2 um. Red arrows point at changes in adhesion and DMT modulus
channels which occur between irradiated spots. Pink arrow points at reduced rigidity over the firstly created blister.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the volume expansion percentage of the second blister when it
overlaps with another one, % Vy;, compared to the volumes at no
overlap, Vg, and Vp,, using the definition:

Vil — Vi

B2

Yo Vi = x 100% (4)

The percentage of area that it occupies, % Areay, was
calculated from:

Areap, — Areajsc

% Areay = Arca
B2

x 100% (5)

The percentage of Vi and Areay as a function of Ax is pre-
sented in Fig. 3f and g, respectively. Even though both values
decrease with increasing overlap, the ratio between % V;; and
% Areay; increases (Fig. 3h). This indicates that smaller sepa-
ration leads to a greater height in the second blister, observed as
a bulging/squeezing effect. These results suggest that further
decrease of Ax would lead to even more pronounced bulging.

The optical forging concept can be further expanded. In
Fig. 4, trimer formation is presented. The third laser exposure
was located in the center of the previously created dimer. Third
laser exposure does not affect formerly created blisters, which
can be seen in the horizontal cross-section. The profiles of the
exterior blisters are unchanged. The bulging effect of the third

Bidirectional pathways

Inside-out pathway

View Article Online
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blister can be observed in vertical and horizontal cross-sections
when Ax = 1.0 pm.

The schematic illustration of a tetramer created with varying
beam separation distances is presented in scheme I in Fig. 5.
Each blister was irradiated for 10 s per spot. Topography
measurements for experimentally obtained patterns together
with collected nanomechanical properties are shown in Fig. 5a
to e. The four-step irradiation with 2 pm separation between
facing blisters reveals that adhesion and stiffness were modified
beyond the blister area (see red arrows in Fig. 5¢ and e). When
the beam separation gets smaller, the forged blisters start to
overlap, following the rule of not changing the overall shape of
the previously created blister. However, its nanomechanical
properties can be changed. For example, when Ax = 0.6 pm, the
central part of the firstly forged blister became less rigid in
comparison to the remaining forged shape. This is visible as
ablue center on the DMT modulus channel, pointed with a pink
arrow in Fig. 5e. This could be related to the different defect
concentration over the area exposed to multiple irradiation or
increased stress accumulation in the material.

The fifth irradiation for 60 s in the center of the created
tetramer is presented in Fig. 5f and schematically presented in
scheme II. When the distance between the first and third
exposures, Ax;_3, is 2 pm, the fifth blister looks as if it does not
overlap with anything. Further decrease in beam separation
produces a peculiar pattern. An increasing overlap confines the
fifth blister to the remaining small area of pristine graphene

Outside-in pathway

Ax=Ay=0.5 ym Ax=Ay=0.3 ym Ax=Ay=0.5 ym Ax=Ay=0.5 ym
a X
g -
i’" ﬁ} - -- ;—; ————
Al §ay i XM M X XX
> 4b & i : s v vV %
’le ! | xix ‘ '*1
S 1 y ¥ ™ ]
x h BB e
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Xy il - 0 4 \
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Fig. 6

(a) Illustration of focused laser beam positions during optical forging with the beam following bidirectional, inside-out and outside-in

pathways, with equal horizontal (Ax) and vertical (Ay) spacing between laser spots. Arrows indicate the direction of optical forging. The accu-
mulation of dose occurs in the intersecting beam area. (b) Illustration of patterns created with a ring-like blister with D = 0.8 um for pathways and
separation distance as in (a). Each new blister is created without changing the profile of the previously created structure. Yellow colour indicates

a higher part of the blister.
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and the outer side of the earlier forged blisters. This corre-
sponds to the blister part which shows the highest deformation.
For Ax;_; of 1.4 and 1.0 um, the created pattern in the center of
the tetramer does not exhibit a ring shape, but it adjusts to the
available free space. Further decreasing the distance between
the spots leads to forging over the central part of the first blister,
which was shown to be less stiff. On the other hand, when the
first blister was irradiated for 60 s (scheme III and corre-
sponding pattern in Fig. 5h), the consecutive four laser expo-
sures did not change its volume expansion, even when the
overlap between the first and the fifth blister becomes signifi-
cant. A comparison of all collected AFM data is presented in
Fig. S7.1 These findings show how crucial the suitable choice of
exposure order is, as well as the position of the laser beam in
creation of a desired 3D structure.

In Fig. 6a we present optical forging following pre-
programmed irradiation pathways along x and y directions.
We tested three scanning directions: bidirectional, inside-out
and outside-in, for which schematic illustrations are pre-
sented in Fig. 6a. Inside-out and outside-in pathways follow the
squared spiral shape in the clockwise and counterclockwise
direction, respectively. By decreasing the horizontal (Ax) and
vertical (Ay) spacing between laser spots, the overlap between
them increases in all writing pathways. A higher overlap leads to
multiple exposures over the intersecting area.

The gained knowledge of blister formation and dimer over-
lap allowed us to predict the shape of more complex patterns.

Predicted patterns

Ax=Ay

0.1 pm

0.3 ym

0.5 um

0000 0000
TITIEITIT .
00006 0000
0000 0000
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The schematic illustrations of the predicted patterns following
the pre-programmed laser pathway are presented in Fig. 6b. The
patterns were formed by overlapping multiple circles that
mimic the shape of a single blister formed by chosen irradiation
dose. Blister overlaps were done by considering that consecutive
laser exposure does not change the profile of already existing
blisters. Hence, in design each new spot ‘hides’ below the
previously forged blisters. Larger blisters will produce larger
overlap, causing changes in the outcome of the pattern. The
prediction is that the shape of sub-diffraction features closely
depends on the laser scan direction and separation between the
laser spots.

A proof of principle of creating versatile 3D patterns is pre-
sented in Fig. 7. We prepared 3 sets of 4 patterns (x =y = 3 pm),
each following a different writing path: bidirectional, inside-out
or outside-in. Patterns were created using 100 pJ pulse energy
and 10 s irradiation time per spot. Each shape was formed with
constant laser spot separation Ax = Ay, which was set between
1 pm and 0.1 pm. The optically forged patterns fully resemble
the predicted designs. Large step size formed single blisters,
which are building blocks for the bigger structure. By
decreasing the step size (Ax = Ay = 0.3; 0.5 pm), partial overlap
of the blisters was obtained. The idea of a blister not building
up over previously formed blisters is beyond doubt visible in
experimentally obtained 3D structures. We were also able to
write patterns with feature sizes much below the diffraction
limit. Patterns created with different irradiation times and

Optically forged patterns

70nm

-20
18nm

-10
18nm

-10
18nm

-10

Fig. 7 Predicted shapes (left) and AFM images of optically forged patterns (right) created by following bidirectional, inside-out and outside-in
writing pathways. Patterns were prepared with 100 pJ pulse energy and 10 s irradiation time per spot. The horizontal and vertical separations
between laser spots were constant, Ax = Ay = 0.1; 0.3; 0.5 and 1 um. Scale bar 1 pm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.8 AFM heightimages of optically forged graphene prepared with a Ax = Ay = 0.5 pum separation distance between laser spots. Patterns were
prepared using 80 pJ pulse energy and (a) the bidirectional pathway with 30 s irradiation time per spot and (b) the inside-out pathway with 60 s
irradiation time per spot. Scale bar 2 um. 3D image of the zoomed area marked by dashed (c) red and (d) purple frames. Cross-section measured

between points (e) 1-2 and (f) 3-4.

pulse energies are presented in Fig. S8 and S9,T respectively.
Longer irradiation times create taller structures with more
pronounced sharp features. The highest used overlap (Ax = Ay
= 0.1 pm) exhibits pronounced bulging effects which allowed us
to form elevated, flat-top 3D shapes. The height of the structures
can be controlled by the laser dose.”* A square plateau, bulging
to the height of 70 nm, was formed with a bidirectional pathway
and 0.1 um separation distance, consisting of 961 highly over-
lapping laser spots. This shows that low pulse fluences used in
optical forging allow a 3D texturing of the irradiated surface
instead of removing it, even when a high spatial density of laser
exposures is used. This is in contrast to the traditional micro-
machining, where multiple exposures over the same area
usually trigger lowering of the modification threshold. As
a consequence, this yields a faster ablation over the intersecting
area.”

The writing direction plays a crucial role in pattern forma-
tion and shaping of sub-micrometer features. Patterns
produced by the outside-in pathway follow shape predictions,
however, their central parts exhibit lower heights than the
patterns created by other routes. Perhaps it is due to the
changing strain conditions of the enclosed graphene surface,
resulting in a modified optical forging rate.

The geometrical structure for larger Ax may seem similar to
the patterns prepared by typical micromachining, however this

Nanoscale Adv.

is misleading. For example, complex two-dimensional
patterning could be compared with the production of amor-
phous micro-structures in crystalline Si wafer.”® There the
structures are formed slightly below the non-irradiated surface.
They are created by melting and consecutive solidification with
a small fraction of the material evaporating. Most of the tradi-
tional micromachining processes are focused on material
removal, and therefore holes are produced. In our case we
fabricate elevated blisters using low fluences.

Patterning by optical forging can be scaled up. In Fig. 8a and
b we present AFM height images of the larger periodic patterns
created with spot separation Ax = Ay = 0.5 um using bidirec-
tional and inside-out irradiation pathways, respectively. The 3D
perspective of zoomed regions of optically forged structures is
presented in Fig. 8c and d. The repeatable patterns with the
same separation of 0.5 um are observed, with sub-diffraction
limited features exhibiting FWHM = 170 nm and FWHM =
110 nm for bidirectional and inside-out pathways, respectively
(Fig. 8e and f).

We observed that 3D shaping of bilayer/multilayer graphene
is also possible using optical forging (data not shown).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

We have demonstrated a reproducible, mask-free method to
pattern graphene using femtosecond laser pulses. Using low
peak fluences we textured the graphene surface without either
ablating it or deforming the underlying Si/SiO, substrate. We
have shown that the well-established micromachining equa-
tions used in ablation studies can be used to calculate the
modification threshold and incubation coefficient for 3D sha-
ped graphene, fabricated using optical forging. Single pulse
modification threshold fluence was estimated to 8.3 mJ cm ™2,
which is an order of magnitude smaller than the single-pulse
ablation thresholds for graphene and 100 nm SiO, on the Si
substrate.

Direct laser writing also changes the mechanical properties
of the irradiated regions such as adhesion and stiffness. The
choice of exposure parameters (e.g. pulse energy, irradiation
time) controls the level of material modification and shape of
created blisters. We showed that knotty patterns can be
designed and then experimentally obtained by controlling:

(a) size of the blister created with a specific laser dose,

(b) separation distance between consecutive laser spots,

(c) the irradiation pathway, following the rule of thumb that
each new laser exposure will not change the overall shape of
previously formed patterns. Our findings indicate that beam
shaping would lead to even more complex 3D pattern forma-
tions. Optical forging has great potential for strain engineering
of graphene, and possibly other atomically-thin materials.* It
may be a method to shape nanomaterials for applications such
as nanoscale scaffolds, novel microelectromechanical systems
(MEMS),* quantum emitters,* trapping of surface plasmons,*®
and use in plasmonic field enhancement.*”**
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Reproducibility
Precise control of laser exposure combined with piezo scanning allow us to fabricate reproductible patterns with
great precision. In Figure S1 matrices of blisters formed upon irradiation with 80 pJ pulse energy and different

irradiation times are presented. Blisters in each matrix resemble each other. These examples show the possibility of
scaling up 3D direct writing process. However, one should bear in mind that for high quality patterning steady system
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Figure S1. AFM (a, b, c) height images and (d, e, f) 3D view images of matrixes of blisters prepared with 80 pJ pulse energy, 1.5 um separation
between consecutive laser spots, and constant irradiation time: (a, d) 180, (b, €) 60 and (c, f) 10 s per spot. Scale bar 1 um. Cross section measured

through the central part of blisters in third row for dose: (g) 180, (h) 60 and (i) 10 s per spot.



Lateral cross section of forged blisters
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Figure S2. Cross section taken from AFM height image of blisters presented in Figure la.



Raman spectroscopy studies
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Figure S3. Raman spectra collected for blisters with different irradiation times, grouped by used pulse energies. Excitation wavelength: 515 nm.
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Figure S4. Raman spectra collected for blisters produced with various pulse energies, grouped by used irradiation time. Excitation wavelength:

515 nm.



Oxygen plasma etching

15am © 20 T
forged
=16 122
516 —— etched]
12 4
S 8| ]
% 4r e T T T T T
ok 150 —1
001 2 3 4 5 62 ==l
=2 ” Cross section (um) %100 —1
T T T -—
o d,«16 [ 3>4 forged] £ 50
g —— etched
~12 B 0
= 1000 1500 2000 2500 3000
> 8 ] Raman shift (cm™)
T 4+ 4
0 1
a 0 1 2 3

Cross section (um)

Figure S5. AFM images of optically forged squares (a) before and (b) after Oz plasma etching. Squares were prepared with 60pJ and 1s irradiation
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Complex structures patterning
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Figure 8. AFM height images of patterns prepared with 100 pJ pulse energy and (a) 30's, (b) 10 s and (c) 2.5 s irradiation time per spot. Patterns
were prepared with 0.3 pm (top row), 0.5 um (middle row) and 1.0 um (bottom row) separation distance between the laser spots. Left, central
and right columns correspond to the bidirectional, inside-out and outside-in pathways, respectively. Scale bar 1 pm.
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Figure 9. AFM height images of patterns prepared with 10 s irradiation time per spot and (a) 120 pJ, (b) 100 pJ and (c) 80 pJ pulse energy. Patterns
were prepared with 0.3 pm (top row), 0.5 um (middle row) and 1.0 um (bottom row) separation distance between the laser spots. Left, central

and right columns correspond to the bidirectional, inside-out and outside-in pathways, respectively. Scale bar 1 um.
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ABSTRACT: Graphene is not intrinsically luminescent due to a lack of band gap, and methods for
its creation are tricky for device fabrication. In this study, we create luminescent graphene patterns by
a simple direct laser writing method. We analyze the graphene using Raman spectroscopy and find
that the laser writing leads to generation of line defects after initial formation of point defects. This
Raman data enables us to create a model that explains the luminescence by a formation of small
domains due to confinement of graphene by line defects, which is conceptually similar to the

mechanism of luminescence in graphene quantum dots.

B INTRODUCTION

Pristine graphene is not luminescent due to the absence of
band gap and the rapid nonradiative relaxation of electrons and
holes."™* However, there are methods to obtain broadband
luminescence from graphene. For instance, the luminescence
can arise from graphene under high doping conditions,” from
graphene oxide,° ® and from graphene quantum dots
(GQDs).”™"> While the luminescence can be obtained by
these means, their implementation to devices is not
straightforward. Therefore, it would be highly beneficial to
find other, more practical means to locally modify graphene to
achieve luminescent properties.

Fortunately, the properties of graphene can be modified by
laser irradiation.">™"” Laser modification is simple, it omits
chemicals, and it enables writing patterns. For example,
femtosecond laser irradiation can be used to oxidize graphene
without losing the integrity of the carbon network.'"® When
irradiation is carried out under inert gas atmosphere, three-
dimensional structures are formed in a process termed “optical
forging”."” The primary process responsible for optical forging
is known to be the generation of defects, although the
understanding of the process still remains incomplete.

In this work, we report that optically forged graphene
exhibits unexpected strong photoluminescence. We study the
origin of this irradiation-induced photoluminescence in
graphene using Raman spectroscopy. It gives insight into the
pulsed laser patterning process since it is sensitive to
graphene’s lattice defects,”®>* doping levels,”>*™* and
strain,>>™>® and with careful analysis, it is possible to
differentiate these contributions from each other””™*' By
combining the Raman measurements with theoretical model-
ing, we are able to develop a convincing model for the
luminescence: it can be explained by formation of small
domains due to confinement of graphene by line defects, which

© 2020 American Chemical Society

7 ACS Publications
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is conceptually similar to the mechanism of luminescence of
graphene quantum dots.

B EXPERIMENTAL SECTION

The graphene was synthesized with chemical vapor deposition
(CVD) on a copper thin film and transferred onto a Si/SiO,
substrate using a normal PMMA transfer method.*> The
graphene was then patterned with a tightly focused femto-
second laser in nitrogen atmosphere by raster scanning the
sample over the pulsed laser beam with a piezo stage. After the
direct laser writing, the processed areas were characterized by
atomic force microscope imaging and by Raman mapping. For
details of the fabrication process, direct laser writing, and
characterizations, see the Supporting Information.

B RESULTS AND DISCUSSION

Experimental Observation of Luminescence. The
result of the pulsed laser patterning is shown in Figure la.
Each square pattern in the figure has a different exposure time
per spot, and the heights of the patterns increase with
increasing exposure time, as reported before.'” Raman spectra
from the middle of each square are shown in Figure 1b. The
irradiation dose is an experimental parameter defined by
multiplying the pulse energy with irradiation time per spot
divided by spot size. This definition helps to compare results
obtained with different pulse energies and/or exposure times.
There are three notable developments in these Raman spectra
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Figure 1. Characterization of the photoluminescent graphene patterns. (a) An atomic force microscopy image of a pattern set made with 160 pJ
pulse energy. Exposure dose increases from up to down and right to left. Height of the patterns increase with the exposure dose. (b) Raman spectra
from the middle of each pattern measured with a $32 nm excitation wavelength. (c) Photoluminescence map of the same patterns as in panel (a).
The intensity is integrated between 1800 and 2500 cm™" (588—614 nm). (d) Normalized PL spectra extracted from the Raman spectra in panel
(b) and Figure Slc. The spectra are baselines from the asymmetric least squares smoothing process. The shorter wavelength part is extracted from
Raman spectra measured with a 532 nm laser excitation and the long wavelength tail from a 633 nm excitation (Figure Slc).

as the irradiation dose increases. First, the 2D graphene Raman enables a broadband emission.” Heller et al. assigned this
band intensity decreases, diminishing almost completely at the photoluminescence to electronic Raman scattering.” We
highest dose. Second, the D and G bands both broaden and analyzed doping and strain of our samples from the shifts of
increase in intensity. Third, there is an appearance of a wide G and 2D bands in Raman spectra (for details, see the
photoluminescence signal. The intensity of the signal increases Supporting Information). The analysis revealed that the
consistently with the increasing irradiation dose (Figures 1b,c). doping levels in our samples are too low to create emission
For example, at the highest dose in Figure 1b, the integrated in the visible region via this mechanism.
intensity of the photoluminescence is over 400 times stronger Photoluminescence could arise also from graphene quantum
than the G band intensity in unpatterned graphene. We dots. The spectral characteristics of some GQDs in the
extracted photoluminescence spectra from the Raman data literature are at least qualitatively similar to the spectra in
(Figure 1d). These spectra showcase that the emission is very Figure 1d.”""* Should the cause of the photoluminescence in
broad, extending nearly the entire visible range. our samples be the formation of structures akin to quantum
There are several reports of photoluminescence arising from dots, the pulsed laser irradiation would have to form isolated
different graphene-based materials. One of such materials is graphene islands. We have determined previously that the
graphene oxide.°”® However, we have previously determined, pulsed laser irradiation does form lattice defects in graphene,'”
based on X-ray photoelectron spectroscopy, that our laser but here, the point- and line-type character of the defects are
written patterns contain only carbon.'” Chen et al. observed a analyzed for the first time.
photoluminescence signal from graphene under high p-type From Point to Line Defects. To get a more complete
doping, which empties the states in the valence band and picture about the defect formation during the irradiation, we
8372 https://dx.doi.org/10.1021/acs.jpcc.0c00194
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prepared four additional sets with pulse energies of 140, 120,
70, and 30 pJ, in addition to the pattern set made with 160 pJ
pulse energy. Raman spectra measured from these patterns
(presented in the Supporting Information) show that the
abovementioned changes in the graphene Raman bands
happen with all pulse energies as well as the increase of the
broad photoluminescence. The photoluminescence intensities
versus irradiation dose is presented in Figure 2a. The trend of
intensity increase is similar with all the pulse energies, except
with 30 pJ where the increase is more conservative. Also, the
Raman peaks from these patterns show that there is a
difference between lightly and heavily irradiated patterns. The
intensity of the D band increases initially with a low irradiation
dose, forming a sharp D peak. The sharpness of the D peak
with low irradiation dose suggests that the irradiation initially
creates point defects.”* As the irradiation dose increases and
the broad background signal starts to develop, the D band
transforms to a wider and less intensive peak compared to the
G peak. This indicates that the patterns made with a higher
dose have higher amounts of line defects.”>**

To better understand the defect character, we estimated the
amounts of point and line defects in pulsed laser patterned

8373

graphene following a model developed by Cangado et al.** (for
details, see the Supporting Information). This model is based
on point and line defects having different effects on the Raman
spectra. The main difference is that, in general, the point
defects increase the integrated intensity ratio of the D and G
bands (Ap/Ag),** while line defects increase the full width at
half-maximum of the G band (I'g) (Figure 2b).** The
experimental values for Ap/Ag and I'g were acquired from
fitting parameters, and the defect densities were calculated
from eqs S1 and S2. Details about the fitting and defect
calculations are presented in the Supporting Information.
Experimental data shows that the Ap/Ag ratio increases with
all pulse energies, while the I'g increases further with higher
pulse energies. Cangado’s model enables calculating point
defect densities and the crystallite sizes from the experimental
data (Figures 2¢,d). In unirradiated graphene, the point defect
density is approximately 10'' cm™ as is common for CVD
graphene. The point defect density increases sharply during the
early stages of the irradiation to the 1—5 -10'* cm ™ range and
starts to decrease with higher doses. An outlier here is the 70
pJ case where the density with low doses saturates to about 2—
3 10" cm™. The reason for this behavior is not clear.

https://dx.doi.org/10.1021/acs.jpcc.0c00194
J. Phys. Chem. C 2020, 124, 83718377
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vere When the line defects reach continuously across the entire

However, since every data point in Figure 2 is from a different
individual pattern, it is possible that there could be differences
in the initial conditions of the graphene, such as defect or
residue amounts, that would affect the defect formation
process. For the three highest pulse energies, the points with
highest doses are omitted. This omission is because they fall
under the black solid line in Figure 2b, which produces
unphysical results (point defect density falls below zero).

Yet, the most interesting analysis is the one of crystallite
sizes (Figure 2d). Since CVD graphene typically has crystallites
with size distribution from tens to hundreds of micrometers,
the initial areas are large (Figure 2d). In fact, the crystallites are
larger than the spot size of our Raman laser, making it
impossible to estimate the crystallite sizes at low irradiation
doses. The starting point of the crystallite sizes were therefore
set to 2.5-10° nm?, the estimated spot size of our Raman lasers.
The crystallite size decreases sharply initially and continues to
decrease with higher doses. The exception here is the 30 pJ
pattern set where the crystallite size is too large to be
measurable in Raman. This pattern set is also the only one
where the photoluminescence does not increase significantly
during the irradiation. Interestingly, as the crystallite sizes
decreases, the point defect densities saturate and even start to
decrease with higher doses (Figure 2c), suggesting a gradual
conversion of point to line defects.

Insights for Defect Growth from a Mesoscopic
Model. The implications from the analysis of Raman spectra
trigger several questions. What is the microscopic structure of
the defects? How are point and line defects related? What is
the origin of the crystallites and their connection to
luminescence?

To address these questions, we developed a model that is
coherent and builds upon a plausible microscopic origin. We
assume that the elementary event in the process is a laser-
induced creation of Stone—Wales (SW) defects, as proposed
carlier.'” The SW defect is a 90°C C—C bond rotation that
transforms four hexagons into pairs of pentagons and
heptagons (Figure S8a). The formation energy of a single
SW defect in pristine graphene is around 4.6 eV, given by the
density functional theory.** This energy coincides well with a
two-photon process (2hv = 4.8 eV). While not directly
indicated by our data, the notion of a two-photon process is
plausible as it conforms with observations from similar
experimental settings.46 However, for our interests, the most
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important feature in SW defects is their strong attractive and
highly anisotropic interaction. The interaction of two SW
defects depends strongly on their exact orientation and
separation. In particular, defects separated precisely by two
lattice constants (4.9 A) are bound almost by 1.5 eV
(Supporting Information), which implies that laser irradiation
presumably prefers creating new SW defects that conform to
this favorable arrangement. This interaction motivated us to
develop a kinetic defect growth model involving the formation
of new SW defects (for model details, see the Supporting
Information).

The only parameter in the model, y, is the ratio between the
probability for forming a new SW defect into any site in
pristine graphene and the probability for forming new SW
defects in the favorable sites. The energetics of SW interaction
imply y < 1, but otherwise, y is a free parameter; a smaller y
implies small density of long defects, and a larger y implies
high density of short defects.

Using the model, the defect growth kinematics was
straightforward to simulate (for details, see the Supporting
Information). Based on parameter values from earlier similar
models,'® we used a tentative parameter y 107 and
propagated time onward, observing point defects appearing,
then growing into line defects, gradually percolating across the
entire area, and ultimately filling the area with an ever
thickening network of line defects (Figure 3). These
observations align well with the experimental results: (i)
defects are initially point-like but gradually turn into line
defects. While existing defects keep growing, new defects keep
appearing at a constant rate, resulting in a rapid increase in
point defect density (Figure 2c). (ii) Consequently, as soon as
point defect density increases sufficiently, the Raman spectra
becomes governed by line defects. Moreover, once the line
defects start to dominate, the area of pristine graphene starts to
decrease notably, causing a reduction in the density of point
defects (Figures 2c and 3c). (iii) When line defects percolate
across the entire area, they define semienclosed regions with
electron-scattering boundaries—crystallites that can function
as graphene quantum dots. (iv) The crystallites have a broad
size distribution, which implies the emission of optical
wavelengths over a wide range—the luminescence of white
light. In summary, the model provides reasonable explanations
to all of the central experimental observations.

https://dx.doi.org/10.1021/acs.jpcc.0c00194
J. Phys. Chem. C 2020, 124, 83718377
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For quantitative comparison between the model and the
experiment, we repeated the simulations with y in the
reasonable range 107°..107° (Figure S10). The crystallite
dimensions were characterized by sampling 10° random
confinement lengths for each time step of the simulation
(Figure 4a). At the percolation threshold—manifesting the
instant when crystallites supposedly become sufliciently
enclosed to define GQDs—the median confinement length
for y = 107°..107° ranges from 3 to 25 nm (Figure 4b). The
range agrees well with the experimentally inferred crystallite
size of 10 nm. The best agreement with the experiment is
obtained by y ~ 107° (Figure 4b), which, in retrospect,
motivates our tentative value for y (Figure 3).

In addition to qualitatively explaining the Raman spectra and
to quantitatively implying ~10 nm crystallite areas, the value
around y ~ 107° is attractive for two other reasons. First, it
suggests a maximum point defect density around np ~ 10"
cm™? in reasonable agreement with experiments (Figure 2c).
Second, a similar growth model with the same parameter value
of 107 was used in a previous work to explain quantitatively
the laser-induced growth of oxidized islands on graphene.'®
This conformity makes a curious connection between optical
forging and laser-induced oxidation, hinting toward a similar
microscopic origin in the creation of SW defects.

The crystallite area affects strongly on the luminescence if
the patterned graphene is considered analogously to the
GQDs. This is because the GQD size defines its band gap due
to the quantum confinement effect (QCE) of conjugated 7-
domains.*”~* In the literature, the GQDs with similar spectra
are in the size range of 1—2 nm, while our smallest crystallite
size was 10 nm. Yet, it is worth noting that our value is an
average value within the spot size of our Raman laser and,
based on the modelling, the crystallites within this area have a
quite wide size distribution. However, the mechanism of
luminescence of GQDs is still under debate and the spectral
properties of the GQDs are not explained by the QCE alone.*’
For example, related to the other PL mechanisms, the spectra
of GQDs can change depending on the chemical environ-
ment,”*~>* functional groups,® and defects in the dots.>**°
We currently lack direct atomic scale information about the
graphene in patterned areas, which would reveal important
details that affect the luminescence.

The peak positions of luminescence (Figure 1d) shift to
longer wavelengths with a higher dose. At first, this might seem
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contradictory since, during irradiation, the crystallite size
decreases and smaller GQDs have a larger band gap. However,
this can be explained just with the shifting of the size
distribution: if the peak of the distribution shifts toward small
crystallite area, then the amount of larger (>2 nm) crystallites
will increase more than the smaller (>2 nm) crystallites if the
peak of the distribution is higher than 2 nm. This is certainly
the case in our sample since the smallest average crystallite size
measured was about 10 nm.

Bl CONCLUSIONS

To summarize, we demonstrate a method to create photo-
luminescent patterns from graphene using femtosecond pulsed
laser irradiation. Raman analysis revealed that the pulsed laser
irradiation generates line defects in addition to point defects.
To explain the luminescence, we present a model in which the
generation of the line defects confines small graphene islands
that behave similarly to graphene quantum dots. The broad
white light luminescence from graphene is highly interesting
for applications, such as displays. Our process provides an
attractive method for achieving luminescence properties from
graphene since it is local and does not require lithography or
chemical treatments.
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Experimental Details

Graphene was synthesized on Cu(111) thin films evaporated onto single crystal sapphire(0001)
substrate. The catalyst film was annealed at 1070 °C under gas flows of 470 sccm argon and
30 sccm hydrogen for 45 minutes. After annealing the graphene growth was initiated by
injecting 2 scem of 1 % methane in argon to the chamber for 5 minutes at the same tem-
perature, after which the samples were taken out of the hot zone of the furnace and allowed
to cool down. The graphene film was transferred with a standard PMMA transfer method*
onto a target substrate, which was a silicon chip with 300 nm thermal oxide film and a metal
marker grid on top. The sample was spin-coated with a PMMA layer and the copper was
etched in 1 M ammonium persulfate solution leaving the graphene/PMMA stack floating on
the liquid. Then the graphene was rinsed in DI water, placed in 12 % HCI to remove possible

metal residues, rinsed again in DI water and placed onto the Si/SiO_ substrate. The sample

S1



was baked on a hot plate at 120 °C for 5 minutes to evaporate water between substrate and
graphene. After this the PMMA film was removed with acetone and IPA. The sample was
annealed at 300 °C in Ar/H, atmosphere for two hours to remove PMMA residues.

Direct laser writing of the patterns was performed with 515 nm femtosecond laser (Pharos-
10, Light Conversion Ltd., 600 kHz, 250 fs pulse duration) focused with an objective lens
(N.A.= 0.8) to a single Gaussian spot (spot size ~ 500 nm)?. The laser writing was performed
under a nitrogen purge to prevent photo-oxidation of graphene during the writing process.
Five pattern sets were fabricated with pulse energies equal to 30, 70, 120, 140 and 160
pJ. Each patterned area (~ 2.5 x 2.5 um?) was prepared by step-by-step irradiation, with
0.1 wm separation between consecutive laser spots and writing speed varying for different
squares from 0.05 to 5 s/spot.

Raman measurements were performed with a home-built Raman setup in backscattering
geometry. Excitations were done with 532 nm (Alphalas, Monolas-532-100-SM) and 632.8
nm (Melles Griot, 25 LHP 991) CW lasers. The beam was focused to the sample and
subsequently collected with a 100x microscope objective (Nikon, L Plan SLWD 100x/0.70).
The scattered light was dispersed in a 0.5 m imaging spectrograph (Acton, SpectraPro
2500i) using a 600 g/mm grating (resolution: ~ 7 — 8 cm™!). The signal was detected with
an EMCCD camera (Andor Newton, EM DU97IN-BV) using a 100 pm slit width. A beam
splitter was placed between the objective and the spectrometer in order to observe the exact
measurement point visually. The Rayleigh scattering for both lasers were attenuated with
edge filters (Semrock). The laser powers were 0.5 mW for the 532 nm laser and 1.0 mW
for the 632.8 nm laser. The mapping of the graphene patterns was done with a piezo stage
(Attocube, ANPxyz101).

AFM imaging was done using Bruker’s Dimension Icon microscope with Scanasyst Air

probes and PeakForce QNM mode.
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AFM images and Raman spectra of all pattern sets

AFM images and Raman spectra of different pattern sets are presented in Figures S1, S2,

S3, S4 and S5. In each set the height of the patterns increase with exposure dose, as does

the intensity of the broad Raman background signal, i.e. the luminescence.
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Figure S1: a) AFM image of a pattern set made with 160 pJ pulse energy b) Raman spectra
from the middle of each pattern in panel a measured with 532 nm laser. ¢) Raman spectra
from the middle of each pattern in panel a measured with 633 nm laser.
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Figure S2: a) AFM image of a pattern set made with 140 pJ pulse energy. b) Raman spectra
from the middle of each pattern in panel a measured with 532 nm laser.
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Figure S3: a) AFM image of a pattern set made with 120 pJ pulse energy. b) Raman spectra
from the middle of each pattern in panel a measured with 532 nm laser.
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Figure S4: a) AFM image of a pattern set made with 70 pJ pulse energy. b) Raman spectra
from the middle of each pattern in panel a measured with 532 nm laser.
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Figure S5: a) AFM image of a pattern set made with 30 pJ pulse energy. b) Raman spectra
from the middle of each pattern in panel a measured with 532 nm laser.
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Analysis of Raman data

Fitting

For each pattern set a Raman map of the area was acquired and 4-9 spectra per pattern were
used for analysis of each individual pattern. The graphene Raman peaks were fitted with
two Lorentzians to determine their intensity and FWHM. In order to take into account small
amounts of amorphous carbon that the direct laser patterning can deposit, two Gaussians,
which represent well the spectrum of amorphous carbon, were added to the fit. An example
of fitting of the D and G bands is presented in Figure S6. Only the Lorentzian fit results

corresponding to graphene were used in further analyses.
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Figure S6: An example of Raman spectrum fitting. Spectrum is from a pattern made with
140 pJ pulse energy and 1.5 s exposure time. Both the D and G bands are fitted with both
Lorentzian and Gaussian functions in order to differentiate contributions of graphene and
amorphous carbon.
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Doping and strain estimations

The peak positions of G and 2D bands can give information about strain and doping of the

325 Figure S7 shows how the pulsed laser dose affects these parameters.

graphene sample
In Figure S7a the G band frequency upshifts first about 4 cm™! until 5-10'° pJ-s/cm—2
dose and downshifts after that. The trend is consistent with both lasers. Some of this can
be seen also in Figure S7b where 2D frequency is plotted, but the trend is not as clear as
with G. The 2D frequency is upshifted from zero doping already in unpatterned graphene,
for which the 532 nm laser would give a peak position at about 2670 cm~!.17 This reveals
that the graphene is hole-doped, which is to be expected since the graphene is transferred
onto a silicon oxide substrate and also might have some residues from the transfer process.
In Figure S7c, the G band frequencies are plotted versus the 2D frequency to estimate
strain and doping levels with solid lines showing the effect of strain/doping while keeping

the other constant?®

. Inset shows a zoom to the measured data with arrows showing how
increasing irradiation dose affects the Raman frequencies. This analysis gives a strain of
about —0.047 % (compressive biaxial) and it changes only by a very small amount during
irradiation, while the doping level changes more. The effect of strain on the G band frequency
was estimated with a sensitivity factor of —69.1 cm™!/%?2°, which is an average value from

172026 Doping was estimated simply by n = (Ep/ (hvg)) /7, where n is

previous studies
carrier concentration, Fr Fermi energy and vp Fermi velocity. Shift of the G band frequency
is given by AQqg = Ep x 42 cm™!/eV1¢. For the doping and strain calculations, 1581 cm ™
was used as the G band frequency at zero doping and strain!™?5. Figure S7d shows the
effect of the pulsed laser irradiation to Fermi energy in graphene calculated this way. The
doping level is quite high, being 0.34 eV even in unpatterned graphene. Reason for this
is that the graphene was annealed at 300 °C, which leads to hole doping due to increased
graphene-substrate conformity, an effect that has been reported previously?>?7. The Fermi

energy increases with irradiation dose, peaking at 0.44 eV before starting to decrease with

even higher doses.
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Figure S7: Evaluation of strain and doping of graphene. a) G band frequency and b) 2D
band frequency as a function of dose. These are measured from the pattern set made with
160 pJ pulse energy using both the 532 nm and 633 nm lasers. ¢) 2D vs G frequency plot
with examples of the effects of strain and doping. d) Fermi levels calculated from the Raman
spectra as a function of dose. The latter two panels show data acquired with the 532 nm

laser.
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Defect analysis

We analyzed the Raman data in order to estimate point and line defect amounts of our
samples. This analysis is following a model by Cancado et al.” The model is based on the
integrated intensity ratio of the D and G bands (Ap/A¢) and the G band full width at half
maximum (I'¢) having different behaviors for line and point defects. The equation used to

calculate Ap/Ag is™:

A -TE L, —lg) —™&
A0) gt (L 1p) = O (1— e 75 | 4oy Le—l9) 75
Aa 72

a

2
L Ly —ls)\ -2
+ 27rchze(Z—2TS> <1 = 4zS(L—2S)) e b (S1)
D a
acipr e 29 (e i

a

where Ep is the energy of the Raman laser, L, is the graphene average crystallite size, Lp
the average distance between nearest defects, C2P, CLP C9P, and C'}P differential Raman
cross-section coefficients for either point (0D) or line (1D) defects, rg the radius of the
structurally damaged area of point defects, [g the width of the structurally damaged lines
and [, the electron coherence length. Letters S and A in Raman coefficients refer respectively
to structurally damaged areas or areas activated by the defects. The full-width at half

maximum of the G band was®:

FG (La7 LD) = F(OO) =+ C'Fe_f/lph7 (82>

where I'(00) is the FWHM of the G band with infinitely large L,, Cr is a parameter related to
the phonon dispersion relation, £ the phonon localization length and /,;, the phonon coherence
length. ¢ is the minimum value between L, and 10- Lp. Values for all the parameters are
presented in Table 1.

Experimental values for Ap, Ag and ['¢ were determined from the measured Raman
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Table 1: Parameter values for defect analysis.”

Parameter Value (unit)

Cr 87 cm ™!
['(c0) 15 cm™?
lpn 16 nm
CciP 30.3 eV*
cip 30.4 eV*

l, 4.1 nm
lg 2 nm
coP 51 eV*
cop 26.5 eV*
rg 2.2 nm

spectra by fitting Lorentzian functions to the Raman peaks. L, and Lp were then calculated
from equations S1 and S2 using the experimentally determined values for Ap/Ag and I'g.
A plot of Ap/Ag as a function of I'g is presented in Figure 2b. The Ap/Ag ratio is scaled
with the E7 in order to make the results comparable. In order to visualize the contributions
of the two defect types, the figure has also theoretical traces that were calculated using
equations S1 and S2. The solid black line represents the case where graphene has only line
defects and no point defects, and the dashed black line represents the opposite. The point
where both defect types are absent is at zero Ap/Ag ratio and 15 cm™' I'g. The modelled
traces show that the point defects initially only increase the Ap/Ag ratio, while the line
defects cause, for the most part, an increase in I'g. At low amount of both defect types
Cangado’s model is inaccurate because of strain and doping affecting the measurement. For
this reason all the experimental data in Figure 2 have been corrected to zero doping and

strain using the same analysis as for the 160 pJ pattern set above.
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Modeling the growth of line defects

Atomistic simulations of defected graphene

To simulate graphene with Stone-Wales (SW) defects at the atomic scale, we used the classi-
cal AIREBO interatomic potential, as implemented in the LAMMPS code?®. The potential
overestimates SW formation energy (5.7 €V), but the accuracy suffices for our purposes be-
cause the potential describes graphene’s elastic properties and the interaction of SW defects
well (Figure S8a). We used a cell that was periodic in xy-plane and at least 8 nm long
in both lateral directions. This unit cell size gave SW formation energies down to 1 meV
accuracy. The structures were fully relaxed using the FIRE method with maximum force

tolerance of 0.01 eV /A2
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Figure S8: Interaction of SW defects. a) Asymmetric strain field of a single SW defect (blue
spheres). Diamonds stand for the bonds between the C atoms (black dots) they join and
their colors show the corresponding bond lengths. b) The formation energy of a second SW
defect (colored diamonds) next to an existing one (blue spheres). The existing defect remains
fixed and the second defect goes through all conceivable bond rotations in the neighborhood.
Each colored diamond then shows the formation energy for rotating the corresponding bond.
The black arrow indicates the formation energy of an isolated SW defect.

S11



Interaction of Stone-Wales defects imply linear defects

The central feature in a SW defect is its asymmetric strain field (Figure S8a). The asymmetry
implies that the formation energy of a second SW defect created in the neighborhood depends
on the relative distance and orientation of the two SW defects. To prove this assertion, we
calculated the formation energy of a second SW defect by rotating all C-C bonds within few
nm distance from an existing SW defect. The resulting formation energy varied from 4.23
eV to 6.34 eV, the variation being extreme at small distances, in agreement with previous
calculations (Figure S8b).3

The smallest formation energy of 4.23 eV happens for four specific bonds two lattice
constants away from the existing rotated bond. Therefore, with an existing SW defect,
the new SW defect is preferentially formed at these specific bonds, which we call a-bonds
(Figure S8b). In other words, the SW interaction energy of nearly 1.5 eV for specific ge-
ometries makes graphene susceptible for laser-induced creation into SW defects separated
by 2a = 4.92 A (Figure S9a). The SW defect pair, in turn, creates formation energy pattern
similar to Figure S8b (not shown), with four a-bonds for energetically preferred creation
of a third SW defect—and so on, recursively. This process leads to staggered lines of SW
defects, whose terminals retain the two a-bonds for favourable rotation and concomitant

linear growth (Figure S9b).

Kinematic model for the laser-induced creation of defects

Based on the atomistic simulations on the interaction of SW defects, we developed a simple
kinematic model for the growth of SW defect arrays, similar to the model used succesfully
for oxidized graphene.3%32

In the model, we assumed that the irradiation-induced rate (probability per unit time) of
forming an SW defect in pristine graphene is py and the rate of forming an SW defect at the
a bonds is p, (Figure S9). The meaningful parameter is the ratio xy = po/ps. This ratio tells

the relative probability between creating a new SW defect and extending an existing array
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Figure S9: Stone-Wales defects as linearly growing defect patterns. a) Bond rotation rates
(probabilities per unit time) around single SW defect. Spheres denote bonds (not atoms!)
and colors correspond to rotated bonds (bright red), a-bonds (dark red), pristine bonds
(grey), and fixed bonds (pink) with zero rotation rate. b) Illustration of simulated array of
five SW defects, forming a staggered line defect.

of SW defects. For example, with y = 1073, it is thousand times less probable to create SW
defects in pristine graphene than extending an existing array of SW defects. In what follows,
we fixed the time scale by choosing p, = 1.

The assumption of singling out a-bonds and ignoring other potentially favourable bond
rotation sites in Figure S8b is a daring approximation. However, the approximation was
necessary because the precise energy-dependence of the bond rotation rates is unknown and
because adding spatial details to bond rotation probabilities would quickly render the model
intractable and wobbly. While a more complex model might introduce more branching, we
believe that already this plain approximation grasps the essential qualitative features of the
interaction between multiple SW defects.

Using a range of values for y between 1073...107%, the bond rotation kinematics of a
given area was then simulated stochastically using a maximum time step 6t = 0.05. The area
had Neens = (6lperc/a)? graphene unit cells, where a = 2.46 A is the graphene lattice constant
and lyere = 0.26/xY/3, given by Eq.(S3) below, is a characteristic length scale. The length
scale is related to the percolation threshold, the instance of the formation of continuous path

of line defects across the simulated area.
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Figure S10: Line defects with different y at various stages of the growth. The rows correspond
to values y = 107, 1075 and 10~* and the columns correspond to different times: the middle
column corresponds to the percolation time ¢, (line defects reach continously across the
entire irradiated area) and the columns on the left and on the right correspond to tpec/2
and 2t,¢.. The percolation time depends on x and is roughly ... ~ 0.5/ X3

Analytical results from the kinetic model

The model also lends itself for simple analytical estimates. Before percolation, the line defects

are separate and their number is N(t) ~ 3Ncspot. The length of a line defect created at
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t'<tisl~dl(4dp,)(t —t'), where 4p, is the total rate of increasing the length of the defect
by 6l = 2a = 0.49 nm. Thus, at time ¢ before percolation the mean length of all the defects is
lavg(t) = 01(4pa)(t/2). Percolation can be estimated to occur when the density of line defects
matches the density defined by their average length, N (Zperc)/(Neens X 5.5 AQ) R~ Luwg (tperc) 2

This implies that the length of line defects upon percolation is
Ipere & lavg (tperc) = 0.26/x"/* nm, (S3)

which coincides well with the median of the simulated confinement length (Figure 4b). Af-
ter percolation, the number of available pristine sites starts to decrease, causing a notable
decrease in the creation of new defects and ultimately a marked reduction in the density of

point defects.
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