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Abstract

Engineering of graphene for modifying electrical properties, such as opening an
electronic band gap, has been shown both theoretically and experimentally by
creating periodic holes in the graphene sheet, however at the price of lower car-
rier mobility. Such holes can be made with special fabrication techniques, such
as colloidal lithography or block copolymers lithography, which covers the entire
sample. This project presents graphene devices with periodic holes fabricated
by electron beam lithography. Only partial coverage of holes are fabricated by
making from one to many rows of holes perpendicular to the current direction.
The results show a decrease in carrier mobility with increasing number of rows,
but does not indicate a band gap opening with holes sizes of 50 nm and a pitch
of 100 nm, which suggests that smaller holes and pitch are necessary for creating
band gap in graphene.

Electrical characterization of graphene and other nanostructures usually involves
lithographic processing which can alter or damage fragile materials, and metal
electrodes are permanently placed to the sample. This project presents a fast
method for electrical characterization for graphene and other nanostructures by
the use of micro four-point probes.

My contribution to knowledge includes characterization of graphene using micro
four-point probes, which proves to be a fast and reliable method for electrical
and mechanical characterization. The micro-four point probe technique is shown
to apply to other fragile nanostructures, such as nanograss and silver nanowires.
Furthermore, antidot lattice of different sizes are made in graphene, to investi-
gating the dependence of number of holes needed for modifying the electronic
properties of graphene.
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Resumé

Fabrikation af graphene devices med formal at sendre de elektriske egenskaber,
sasom at abne et elektronisk bandgab, er blevet vist bade teoretisk og eksperi-
mentelt ved at skabe periodiske huller i graphene. Dette er dog ofte pa bekost-
ning af lavere ladnings mobilitet. Saddanne huller kan fremstilles med specielle
fabrikationssteknikker, sdsom kolloid eller blok copolymerer litografi, der som
udgangspunkt dakker hele prgven. I dette projekt fabrikeres graphene prgver
med periodiske huller fremstillet ved elektronstrale litografi. Dette ggr at kun
dele af prgven bliver daekket af huller, hvilket kan have en pavirkning pa lad-
nings mobiliteten. Hullerne er fremstillet i raekker vinkelret pa strgmretningen.
Resultaterne viser et fald i ladnings mobilitet med stigende antal rackker, men
der er ikke antydning af et bandgab ved huller med stgrrelser pa 50 nm og en
periode pa 100 nm. Dette tyder pa, at mindre huller og periode er ngdvendig
for at skabe bandgab i graphene.

Elektrisk karakterisering af graphene og andre nanostrukturer involverer saed-
vanligvis litografisk behandling, der kan @ndre eller beskadige skrgbelige ma-
terialer, og metalelektroder vil vaere en permanent @endring af prgven. Her
praesenteres en hurtig fremgangsmade til elektrisk karakterisering af graphene
og andre nanostrukturer ved anvendelse af mikro fire-punkts prober.

Mit bidrag til viden omfatter karakterisering af graphene ved hjzlp af mikro
fire-punkts prober, der viser sig at vare en hurtig og palidelig metode for elek-
triske og mekaniske karakterisering. Mikro-fire point probe teknikken har vist sig
ogsa at geelde for andre skrgbelige nanostrukturer, sdsom nanograes og sglv nan-
otrade. Endvidere er et hullet gitter af forskellig stgrrelse fremstillet i graphene,
for at undersgge et eventuelt bandgabs afhangighed af antallet af huller, samt
andre aendringer af de elektroniske egenskaber i graphene.
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INTRODUCTION

The electronic industry has never produced devices at a higher rate as they are
today. Cell phones, laptops and tablets are commercialized within few years,
and continuously being smaller, lighter and faster. Furthermore, precise and
fast characterization in production of new nanomaterials are needed for pro-
cess control. However, fabrication limit in silicon drives researchers to look for
alternative materials. One of these promising materials is graphene.

1.1 Graphene Background

In 1965, Gordon Moore described what he expected to be the trend for fu-
ture silicon processing, and predicted that the number of transistors per unit
area would double every 18-24 months. His prediction set a benchmark for the
processor industry, which have been compelled to follow this prediction. An
illustration of this trend is shown in Fig. 1.1.
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Figure 1.1: Illustration of Moore’s law, showing the exponential tendency of
number of transistors per unit area, which doubles every 18 months.
Also shown is the gate oxide thickness exponentially decreasing. Fig-
ure from [1].

However, fabrication techniques is an increasing challenge with this trend, and
to overcome this, research have redirected some effort into materials and tech-
nologies alternative to silicon. Both for higher processing speeds, smaller device
structures, and lower costs [2]. Such a material should have higher electrical
mobility than silicon and have an adjustable band gap up to 400 meV [1].
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Electron(hole) Band gap [eV] Effective

mobility [em?/Vs | carrier mass
Si 1400(450) [7] 112 0.19(100)
Ge 3900(1900) [4, ] 0.66 [0 0.082(111)
GaAs 8500(400) [1] a2 [7 0.063
InAs 40000(500) [¢] 0.35 |9 0.023
Carbon nanotube 100000 [10]
Supported 15000 [11] 0 [11] 0 [11]
graphene
Suspended 200000 [17] 0 0
graphene

Table 1.1: Carrier mobility, Band gap and effective mass of charge carriers for
typical semiconducting materials.

Possible candidates, such as gallium arsenide (GaAs), germanium (Ge), indium
arsenide (InAs) and carbon nanotubes (CNT) has been suggested. A summary
of their electrical properties are listed in table 1.1.

Recently another candidate for electronics, has been isolated experimentally [13].
It consists of a single layer of carbon atoms in a honeycomb lattice. The layer
originates from graphite, which is a stacked structure with these individual lay-
ers named graphene [14]. Graphene is the two dimensional allotrope of carbon,
as shown in Fig. 1.3 [15].

(c)

8 L B nmr)

Figure 1.2: Three different examples for creating a band gap in graphene, (a)
chemically /structural, (b) structural and (c) by gating. (a) Pho-
toemission intensity of graphene on Ir exposed to various doses of
atomic hydrogen [16]. (b) Holes made in graphene using colloidal
lithography [17]. (c) Bilayer graphene with top and bottom gate
contacts, where band gap is created by a strong displacement field
from the bottom electrode [18].
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e
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Figure 1.3: Allotropes of carbon. At the top is depicted a single layer of
graphene showing the honeycomb lattice, and by slicing and forming
it is possible to create the the zero dimensional buckeyball, the one
dimensional carbon nanotube, and the three dimensional structure
of graphite. Figure from [17].

Graphene has promising properties of future electronics, such as high carrier
mobilities at room temperature, but misses one important quality; a band gap.
A band gap is necessary for defining on and off states in logic circuits and for
achieving gain in analog electronics [19]. It has been shown that it is possi-
ble to construct a band gap, and primarily three different methods has been
used; by chemical doping, nanostructuring into ribbons or antidot lattices or
by applying an electrostatic gate to a bilayer graphene. Fig. 1.2 shows some
research examples of chemical, nanostructuring and gating for creating a band
gap in graphene, while detailed description of nanostructuring of graphene is
described in chapter 2.

5 CHAPTER 1. INTRODUCTION
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1.2 Motivation

Electrical measurements on graphene usually involves lithography patterning of
fixed metal electrodes, which is both time consuming and permanent. In the
process the sample can be contaminated by resists, solvents, and irradiation,
which is also potentially destructive and can alter the electronic structure of
as-fabricated graphene. Micro four-point probes (M4PP) on graphene is a real
alternative to fixed electrodes, similar to what has been achieved with M4PP in
the semiconductor industry [20]. M4PP allows greater flexibility, positionabil-
ity, comparable accuracy and lesser damage in measurements of nanostructures
compared to fixed electrodes. Using M4PP on graphene and other nanostruc-
tures may introduce damage, which may be minimized by careful placement,
fast measurements and optimized design of the probes, and M4PP may be po-
sitioned precisely for electronic measurements on nanostructures. Furthermore,
electron imaging of graphene may damage and/or contaminate the sample lead-
ing to reduction of the electrical conductance and mobility.

The last section showed some of the possibilities for creating a band gap in
graphene. However, the price is usually lower carrier mobilities [21], and antidot
structuring of graphene flakes usually mean that the whole flake is patterned,
making scattering events frequencies much higher. Partial patterning of antidot
structures may achieve the same effect and offer the minimal decrease of carrier
mobility. Electron beam lithography, which is a well established technique, is
capable of delivering such small patterns, which may be sufficient for electrical
modification of graphene.

1.3 Summary

This chapter described briefly the background area of graphene research, which
is continued in this project. The electrical characterization of graphene can
be expensive and time consuming, so a new technique using micro-four point
probes is proposed. Furthermore, altering the electrical properties by a reduced
antidot structure is suggested.

Chapter 2 will give an overview of graphene and its electronic properties, and
introduce the antidot lattice in graphene. Chapter 3 illustrates the fabrica-
tion techniques for graphene and nanostructures, and the techniques used the
characterization of samples. In chapter 4 is shown the uses of micro four-point
probes on sensitive nanostructures and how the probes can interact with var-
ious samples. Chapter 5 presents electrical measurements of graphene which
includes hysteresis and contamination measurements. Finally, chapter 6 shows
results from measurements on antidot graphene, and how the number of holes
in graphene affect the electrical properties.

6 CHAPTER 1. INTRODUCTION



1.3. SUMMARY

7 CHAPTER 1. INTRODUCTION



NANOPATTERNED
(GRAPHENE

Continuing from last chapter, this chapter will describe in further detail the
structure, electrical properties of graphene, and the state of art of band gap
creation through nanostructuring.

2.1 Graphene

As previous mentioned, graphene consists of carbon atoms in a planar honey-
comb lattice. Carbon is the 6! element in the periodic table, in Group IV,
meaning it has six electrons, of which four are valence electrons. The four va-
lence electrons occupy the 2s and the 2p orbitals. This electron configuration
when hybridized allows for sp? and sp> hybridized orbitals. The sp? results in
a diamond crystal, whereas the sp? results in in-plane bonding, as shown in
Fig. 2.1. The 2s orbital hybridize with the 2px and the 2py orbitals, leading
to three in-plane o-bonds to neighboring carbon atoms. The last py orbital is
perpendicular to the plane, and creates m-bonds to the neighboring atoms. The
electrons in the o-bond are very localized to the atoms, while the electrons in
the m-orbitals are delocalized, and can easily move through the lattice. The de-
localization in the 7-orbitals, combined with the relativistic nature of the charge
carriers, which allows for Klein tunneling [22], contributes to a long mean free
path in graphene.



2.1. GRAPHENE
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Figure 2.1: sp? hybridization of carbon. (a) One 2s and three 2p orbitals. (b)
Hybridization into three sp? orbitals, leaving one 2p orbital. (c)
Structure of the hybridized carbon atom. The sp? orbitals lies in
the plane, while the p, orbital is perpendicular to the plane. (d)
Six carbon atoms combined to benzene, which can be considered to
be the smallest possible graphene, a graphene quantum dot [23].

Combining multiples hexagonal rings, graphene is constructed in a honeycomb
pattern, as shown in Fig. 2.2a. For an infinite sheet, the reciprocal lattice is also
a hexagonal lattice, although rotated by 90 degrees. The first Brillouin zone is
shown in Fig. 2.2b, which also marks the points M, K, K’ and I". The K and
K’ points are the most relevant points for the electrical properties of graphene.

9 CHAPTER 2. NANOPATTERNED GRAPHENE
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Figure 2.2: (a) Graphene consists of carbon atoms in a hexagonal lattice with a
lattice spacing of 1.42 Angstrom. The unit cell is shown in light gray,
which contains the atoms A and B. Also shown is the lattice vectors
a and 5, which shifting the unit cell along these vectros result in the
complete infinite graphene sheet.. (b) The first Brillouin zone of the
reciprocal lattice, with indication of the K, K’, M and I' points.

2.2 Electrical Properties

Theoretical calculations by P. R. Wallace in graphene [24] were made long before
the experimental realization, who showed that graphene had a linear dispersion
relation, which means that the mobility close to the charge neutrality point
is independent of the charge carrier density. This was later experimentally
verified [13], and it was found that electrons did not obey the Schrodinger
equation, but the relativistic Dirac equation:

Time — dependent equation : zh%\l’ = HU

N h2
Schrédinger @ H = ——V? + V(r,?)
2m
Dirac : H =ca-p+ Smc?

From the reciprocal lattice (Fig. 2.2b), the band structure of graphene can be
calculated using ab initio [25] or tight binding calculations [26]. From tight
binding calculations, the band structure is given as [27]:

1+ 4 cos? <k;a) + 4 cos (kza) - cos (kz;/ga>], (2.1)

where 79=2.8 eV and a=2.46 Angstrom. The =+ indicates the conduction and
valence band respectively. The band structure is shown in Fig. 2.3c.

E==,|%
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A UK z
WAVE VECTOR k

Figure 2.3: (a) Band diagram of silicon. (b) and (c¢) Band diagram and
graphene. The conductance and valance bands of silicon near the
Fermi energy can be approximated by a polynomial, whereas the
dispersion relation in graphene is linear. Silicon band diagram
from [28].

Comparatively, the electrical properties of graphene are quite different from
those of silicon. The band diagram for silicon is shown in Fig. 2.3a. The main
feature of this diagram is the approximate parabolic dispersion relation near the
Fermi energy; at I's5 in the valence band and at X; in the conduction band.
Furthermore, silicon has an indirect band gap. The energy near the Fermi level
can be approximated by:

h2k? h2k?
E.=E)+ — E,=E— —,

2msz 2mz
where the parabolic nature of the bands (k?) is visible. Fig. 2.3b shows the
band diagram for graphene, as calculated from tight-binding approximations.
In contrast to silicon, graphene does not have a band gap, but near the Fermi
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level, at K and K’, the dispersion relation is linear, and is approximated by:
E = +vphlk|,

where vp is the Fermi velocity, and % is the reduced Planck’s constant. If
the Fermi energy is below the Dirac energy, the majority carriers are holes (p
doping), and if the Fermi energy is above, electrons are the major carriers (n
doping). At the K and K’ point there are no carriers for conduction at zero
temperature, and the point is also known as the charge neutrality point (CNP).

The first electronic measurements on single layer graphene was made by Novoselov
et al. [13], and this showed this contrasting electrical characteristic compared
to typical semiconductors. The parabolic dispersion relation for silicon and
the fact that the mobility is proportional to %, means that in the limit of
zero charge carriers, the mobility tends towards zero. For graphene, Novoselov
et al. [11] showed that the electronic transport was dictated by massless rela-
tivistic fermions, and measured both the electron and hole mobilities to 15.000
cm?/Vs at low temperatures. Fig. 2.4 is from the first article on experimental
fabricated graphene, where a linear dependence between conductance and gate
voltage can be seen in Fig. 2.4B.

12 CHAPTER 2. NANOPATTERNED GRAPHENE
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Figure 2.4: Figure from [13]. A Resistivity of graphene vs. gate voltage. The
peak position denotes the charge neutrality point(CNP). B The con-
ductivity of the sample at 70 K, where the mobility is proportional
to the linear slope. C Hall resistance.

The theoretical limit on mobility imposed by acoustic phonons scattering was
later found to be as high as 200.000 cm?/Vs [29,30]. These calculations are for
planar graphene at room temperature without interaction with environment or
substrate. Experimental measurements have exceeded this limit with mobilities
in suspended graphene at low temperatures at 230.000 cm?/Vs [12], and lately
Tombros et al. fabricated suspended samples with mobilities up to 600.000
cm?/Vs [31]. These high mobilities are more than 400 times higher than for
silicon [3].

2.2.1 Gating Graphene

Varying a gate voltage in a graphene device, effective changes the charge carrier
density according to [32],

n= éVg =al (2.2)

where n is the charge carrier density, € is the relative permittivity of the gate
insulator, ¢ is the thickness of the insulator, and e is the electron charge. With
a gate insulator consisting of SiO of 90 nm or 300 nm, « is 2.4- 10 (cm - V)1

13 CHAPTER 2. NANOPATTERNED GRAPHENE
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and 7.2 - 10*(cm - V)71 respectively. The conductance of a graphene sample
depends on the charge carrier density and the carrier mobility:

o = nejp, (2.3)

where e is the electron charge and p is the carrier mobility. By combining
equation 2.2 and 2.3, the conductance should be zero for no applied gate volt-
age. However, experimentally, there is a conductance minimum, which can also
be seen in Fig. 2.4B. This minimum arises from electron/hole puddles in the
graphene sheet, which originates from the presence of disorder [33]. The fact
that graphene sheet are not completely planar [34], and contains impurities or
disorder in the lattice results in a non-zero conductance at the CNP. Many re-
search groups has found this minimum conductance experimentally to be 4e%/h
or higher |15], where the theoretical prediction is 4e%/wh. The value of 4¢2/h is
equal to about 0.155 mS.

Carrier mobilities is calculated from equations 2.2 and 2.3, and the slope of the
conductance dependence on gate voltage away from the CNP as

_tde

— (2.4)

1

14 CHAPTER 2. NANOPATTERNED GRAPHENE



2.3. BANDGAP ENGINEERING OF GRAPHENE

2.2.2 Band Gap in Graphene

A practical method for measuring the band gap in graphene devices is by mea-
suring the conductance at different temperatures, because the conductance in
the presence of a band gap is exponential with temperature [35]:

E
0 = 0g exp (—2];%) , (2.5)

where £ is Boltzmann constant, 7" is temperature and £, is the bandgap. Mea-
suring the conductance at different temperatures, and plotting the natural log-
arithm of the conductance against the inverse temperature, the band gap can
be calculated from the slope as:

E, = =2k - slope. (2.6)

This is used in the experimental chapter for determining band gaps.

2.3 Bandgap Engineering of Graphene

As seen in equation 2.1 and in Fig. 2.3, the valence and conduction bands meet
in six discreet points, making graphene a semimetal or a zero-bandgap semi-
conductor [24]. Such a property is desirable in for example a photovoltaic cell
which will absorb light at all wavelengths and thereby increase the efficiency of
the cell. For other components, electrical logic switching depends on a bandgap
and a non-zero on-off ratio [1], which makes usable graphene transistor devices
impossible from pristine graphene.

However, graphene does excel as having the highest intrinsic mobility and max-
imal current density at room temperature [36], and compared to silicon it can
be used more efficiently and faster in electronics [1]. The main challenge and
focus with graphene electronics has therefore been producing a band gap. Nu-
merous research groups has worked on this issue [16—18, 21, 37-44], using the
three different techniques mentioned in the introduction; chemical, structural
and gating of bilayer transistors. The following sections provide a review of the
state of art of structural modification of graphene.

2.3.1 Graphene Nanoribbons

Graphene nanoribbons (GNR) are graphene etched into strips, making it a quasi
one-dimensional structure. Earlier work with carbon nanotubes shows that sin-
gle walled carbon nanotubes can have large band gaps in part due to the lateral
confinement [45,46]. As with carbon nanotubes, the chirality [47, 48] of the
graphene nanoribbon plays an important role; graphene with zigzag edges pro-
duces metallic states, while armchair can be either metallic or semiconducting
depending on the width. If an armchair graphene nanoribbon does produce a
band gap it depends inversely on the width of the graphene nanoribbon [10,49].
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Theoretical calculations shows a band gap opening with decreasing GNR width,
but also a decrease in mobility (Fig. 2.5(a)-(b)) [21]. Several groups has con-
firmed the band gap opening, and reduction of mobility, see Fig. 2.5.
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Figure 2.5: (a)-(b) Theoretical comparison of band gap and mobility between
carbon nanotubes and graphene nanoribbons. (c)-(e) Experimental
measurements from different groups which confirms the bandgap
opening for narrow GNR. (a) and (b) from [21]. (c) from [39]. (d)

from [50].

(e) from [38].
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2.3.2 Antidot Lattice

Another possible way to structure the graphene was proposed by Pedersen et
al. [51], where periodic holes (antidots) were made in graphene, as shown in Fig.
2.6a. A band gap of up to 1 eV was predicted. The main difficulty with this
approach, is the theoretical calculations estimates hole size of 1-2 nm, which is a
impossible task to realize experimentally with current technology. However, the
important relation is the ratio of number of atoms removed and number of atoms
in total (7W) in a unit cell. Special fabrication techniques for achieving
small holes has been used, such as block copolymer and colloidal lithography.
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Figure 2.6: Theoretical structure and calculation of graphene antidot lattice.
(a) Unit cells of various numbers of atoms removed. (b) Relation
between bandgap and the root of removed atoms divided by to-
tal number of atoms in the unit cell (W) is linear. Figure
adapted from [51].

2.3.3 Block Copolymer

A block copolymer consists of two different polymers. Polymers usually does
not mix due to entropy [52], but heterogenic polymers will separate in smaller
domains, such as a hexagonal cylinders or lamella ridges, which can be used in
lithography.

Bai et al. [12] showed this experimentally with a PMMA-PS block copolymer,
with neck widths down to 7 nm. The electrical measurements shows a field
effect, as shown in Fig. 2.7, which they believe arises from the confinement
of the current to a semi one dimensional structure in the spacing between the
holes. Later the bandgap of a graphene antidot lattice was measured by to be
in the range 60-140 meV [11], which depended on the neck width (Fig. 2.8).
This was comparable to the graphene nanoribbons previously made, however
the mobility was lower than pristine graphene at 1000 cm?/Vs for holes and 200
cm?/Vs for electrons for the antidot lattice.
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Figure 2.7: (a) Schematic of graphene nanomesh device. (b) SEM image of

graphene nanomesh with hole periodicity of 39 nm and diameters
of 10 nm. (c) I-V characteristics for various gate voltages. (d)
Transfer characteristics for different drain voltages. An on-off ratio
of 14 is estimated at -100 mV. (e) Transfer characteristic at various
neck widths, which indicates the smaller the neck width, the higher
on-off ratio. Figure from [42].
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Figure 2.8: Bandgap dependence on neck width of graphene antidot lattice made

with BCP. The results are compared to those of graphene nanorib-
bons. Fig. from [41].
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2.3.4 Colloidal Lithography

A similar fabrication technique to BCP is using colloidal lithography (CL).
Colloidal lithography involves spinning of spheres of polystyrene [17,37] or silica
[53] onto a graphene sample. The mask is reversed by a metal deposition.
The advantages of CL over BCP is that it can be used directly on graphene,
whereas BCP requires a neutral surface for the BCP to align. The electrical
measurements in Fig. 2.9(c)-(d), shows a field effect arising from the antidot
lattice and a reduction in mobility.
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Figure 2.9: Fabrication of graphene antidot lattice with CL by Sinitskii et al.
[53]. (a) Raman map of sample before and after etching. (b) SEM
image of antidot sample. (c) Transfer characteristic before and after
(d) CL and etching.

2.3.5 Periodic gating

Resent research has indicated that actual perforation of the graphene sheet is
not necessary for band gap opening. Pedersen et al. [54] shows that periodic
gating results in a band gap of approximately 30 meV. Fig. 2.10 illustrated
the theoretical prediction of band gap opening at varying applied gate voltages.
This type of antidot lattice have the potential of retaining the carrier mobility
in graphene.

19 CHAPTER 2. NANOPATTERNED GRAPHENE



2.4. SUMMARY

0.035
0.030f
2 0025

(

= 0.020F
0.015F

Band gay

0.010F
0.005F

0.000 :
00 02 04 06 08 1.0 12 14

Vo (eV)

Figure 2.10: Band gap opening for different applied gate voltages for periodic
gating of graphene. 7 is a smoothing function of the applied volt-
age. Band gap opening is possible, although smaller than periodic
perforated graphene. Fig. from [54].

2.4 Summary

This chapter described the structure and properties of graphene with and with-
out an antidot lattice. The high carrier mobility is favorable in fabrication of
graphene devices, however fabrication of antidot lattices for band gap opening
will reduce the mobility. Antidot lattices in graphene has been fabricated by
the use of block copolymers or colloidal lithography, resulting in band gaps of
up to 140 meV.
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EXPERIMENTAL
METHODS

This chapter will describe in detail the fabrication process used for making
graphene devices in this project.

3.1 Graphene Fabrication

Graphene was first isolated by Geim and Novoselov et al. [13] via microme-
chanical cleavage. Other methods have since been introduced, such as chemical
vapor deposition (CVD) growth on copper or nickel [55—57], or epitaxial growth
on silicon carbide [58-60], which can produce graphene on wafer scale or foils.
Other methods includes fabrication of a graphene-like material from reduction
of graphene oxide [61-63] or even unzipping of nanotubes [64,65].

In this project, cleaving graphene from natural graphite is used for large single-
crystalline domains and low defect density [15].

3.1.1 Substrate

For electronic measurements, the interaction between substrate and the graphene

is very pronounced [44,66], and it is therefore critical to choose the correct sub-
strate and substrate treatment. Typically, a silicon wafer with a silicon dioxide
(SiO2) layer is used [17,29,33,67-73]. The purpose of the SiO is twofold; to

serve as a gate dielectric between the substrate and the graphene, and to en-
hance the optical contrast of the graphene.
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3.1. GRAPHENE FABRICATION

The relatively high optical absorption of 2.3% visible light per layer [74], is
usually not sufficient to observe single layers using optical microscopy. It has
however been shown that with proper thickness of the SiO, substrate, the con-
trast can be increased as much as up to 15%, due to optical interference in the
SiOq [75]. Figure (3.1) shows how the contrast between the substrate and the
graphene depends on the thickness of SiO5 and the wavelength of the light [77].
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Figure 3.1: Optical contrast of graphene as function of SiO5 thickness and wave-
length of the light. Right figure shows 90 nm and 300 nm SiOs has
contrast higher than 10%, whereas graphene on 200 nm SiO4 will be
almost invisible. Figure made with data from [75].

From the above figure, it is clear that a thickness of 90 nm or 300 nm is
preferable for optimal optical contrast. In this project, both 90 nm and 300 nm
SiO2 were used. The advantage of 90 nm SiOs is that the contrast is higher
than 10% for light in the range 520-605 nm, while 300 nm SiO» only has higher
than 10% contrast in the range 590-610 nm, however 300 nm SiO5 has a smaller
risk of gate leaks. Furthermore, for 90 nm SiO, only 30% of the gate voltage
is needed compared to 300 nm SiOs. For M4PP measurements, 90 nm SiOs is
used, while for fixed electrodes the thickness is 300 nm SiOs.

The initial wafers are highly doped (<0.025Qcm) wafers, which are used to grow
a dry thermal oxide. Using standard photolithography, a coordinate system with
index markers are defined on the wafer using 5/50 nm Ti/Au. Each coordinate
point is referred to as an index mark, and is used for logging the locations of
graphene flakes.
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3.1.2 Cleaving

Graphene is produced by micromechanically cleaving of natural graphite from
graphit.de onto SiO, wafers. Prior to exfoliation, the wafer is baked on a hot-
plate at 110°C for 5 minutes, and cleaned in a oxygen (200 sccm) and nitrogen
(50 sccm) plasma at 1000 W for 10 minutes, in order to remove surface water
and organic residues which reduces the adhesion between graphene and sub-
strate. Preparation of graphite is done by pressing graphite onto Nitto Denko
tape. A new piece of tape is placed on top, and when pulling the tape apart,
the graphite is on both pieces of tape. This is done 3-4 more times to reduce
the amount of large graphite chunks, and finally the tape is applied to the wafer
straight after plasma clean. Using a 50°C hotplate, the tape is slowly released
from the wafer by thermal breakdown of the adhesive, leaving graphene and
graphite behind.

To locate the graphene, the wafer is scanned in a Nikon Eclipse L200 optical
microscope, either manually or using a robust, calibration-free scanning and
graphene identification system [76], which captures images at 10x magnifica-
tion, and saves all images to disk. Single layer graphene is identified by 10%
contrast with the substrate, as shown in Fig. 3.2. The program was made by
Bjarke Jessen Sgrensen [76], and outputs only the images with graphene and
corresponding black and white images masking the single layer graphene area
with a yield close to 100%. Appendix B.1 describes the process in detail, and
the patent is in appendix D.1.

Contrast

2 4 6 8 10
position [um]

Figure 3.2: Contrast of one, two and three layer graphene compared to SiO,
substrate from one of my samples. Each layer contributes to 10%
contrast, and single layered flakes are identified using this method.
Extracted curve is along the dotted line in the image.

For graphene samples which would be patterned by e-beam lithography, I made
a script (appendix B.3) to ease the design process. The script detects the angle
of rotation of the image, does image recognition of the index marks, identifies
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the position of the graphene, and exports the data to a .cif-file. Multiple images
can do done a once, resulting in a single .cif-file, which can be directly imported
into a CAD drawing program, see appendix B.2.

Prior implementation of this method, the process included 2-4 hours of graphene
identification at the microscope, and 2-3 hours of aligning graphene and design
patterns per wafer. Known issues with the software is proper identification of
the numbers 0 and 8 if metal residues exists after lift-off, as seen in some number
in Fig. 3.3.

Figure 3.3: Sample output from image analysis from graphene scanning. The
program identifies index mark locations (green), does image recogni-
tion of numbers (blue), quadrant (red) and graphene (purple). The
program also auto-rotates images.
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3.2 Raman Spectroscopy of Graphene

A fast and non-destructive method of characterization of graphene is using Ra-
man spectroscopy. Raman spectroscopy gives information about vibrational
and rotational modes by scattering of laser light in the sample. A example of a
Raman map is shown in Fig. 3.4.
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Figure 3.4: Raman spectrum from sample b4w5A with the three most important
peaks, D, G and 2D marked.

The three major peaks in Raman spectroscopy of graphene is the D peak around
1350 cm ™!, the G peak around 1580 cm~! and the 2D peak around 2700 cm 1.
The D peak is associated with disorder of the graphene lattice, indicating edge
states or amorphous carbon. While the intensity of the peaks depends on the
Raman system used, for comparable results the ratio of the D and G peak in-
tensities, Ip/I¢, is a better indicator for defect density. Similarly, the ratio of
the 2D and G peak, Iop /I, indicates the number of graphene layers, where a
ratio of one indicates single layer graphene.

For Raman spectra in this project, a Thermo Scientific DXR Raman Microscope
is used. The spot size is around 1 pum, and a map can be generated with user
defined step-sizes. Spectra are made with 10x magnification.
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3.3 Wet Chemistry on Graphene

After fabrication and identification of graphene flakes, consideration about fur-
ther processing is necessary, since cleanroom fabrication which includes graphene,
gives some limitations to standard cleanroom processing due to concerns with
cross contamination. Graphene can be damaged or unwantingly released from
the substrate surface. Several commonly used and obvious process steps are
known to cause damage to graphene, such as oxygen plasma [77, 78] or ul-
trasonic agitation [79]. In liquid environments graphene can withstand most
chemicals, but not if the surface energy of the liquid matches that of graphene.
In that case, the graphene flakes will be lifted from the surface [20]. Table 3.3
list surface energies for some common chemical in cleanroom fabrication, which
illustrates that chemicals containing NMP, such as 1165 or remover PG, should
be avoided when doing graphene fabrication, since it will lift the graphene from
the SiO5 surface.

| Material | Surface energy [27] |
| Graphene | 46.7 [81] ‘
Water 72
NMP 41
Acetone 25
Iso-propanol 23
MIBK 24
KOH 72-98 [27]

Table 3.1: Surface energies of graphene and common chemicals. If the surface
energy match that of graphene, graphene will be lifted off the surface
[80], so for example NMP is to be avoided in processing. Unreferenced
values are from [83].
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3.4 Graphene Etching

Etching of graphene is done in a reactive ion etching (RIE) process using an oxy-
gen plasma. The process was tailored for etching of graphene using Poly(methyl
methacrylat) (PMMA) as masking material. The critical issue with regard to
etching graphene is making sure not to crosslink or sputter the resist, which will
make it difficult to remove after the etching process.

To optimize etching parameters, graphene flakes with regions of single-, bi- and
tri-layers were e-beam patterned in 3x3 um squares, which are visible in an
optical microscope. It was found that high volume of Ar, introduced sputtering
of the resist, and to improve etching, low Ar and high Oy volumes were chosen.
Furthermore, the power was set low to avoid inconveniently short etching times,
and the parameters, 45 sccm Os, 5 sccm Ar, at 40 mTorr and 10 W were chosen.

In order to establish the etching process, characterization was done by evalu-
ating the contrast in a optical microscope. Several consecutive attempts with
2 seconds etching showed no change in contrast, however for 3 seconds, a sin-
gle layer of graphene was etched, but not bi- or tri-layer. Consecutive etching
processes of 3 seconds duration showed contrast of 10% of each layer. Fig. 3.5
shows a sample with multiple layers etched for increasing periods of time.

The RIE system uses gas stabilization before processing, and the ignition of the
plasma takes 2 seconds. Therefore, at least 3 seconds were needed for single
layer etching.

Fig. 3.6 shows the precise tailoring of the graphene etching process, which
could be interpreted as layer-by-layer etching. However, the etching of graphene
produces amorphous carbon, so partially etched samples would not be pris-
tine graphene. Fig. 3.5(f) shows the Raman spectrum of single-layer pristine
graphene, and a bilayer etched for 3 seconds, which shows a significant D-peak
at 1350 cm ™!, indicating amorphous carbon [77].
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Figure 3.5: Etching of a graphene sample consisting of one to four layers. With
increasing etching times, it is possible to thin down a graphene sam-
ple, however producing amorphous carbon as a result. Contrast
profiles in (g) is along the red line in (a). Raman map in lower part
of (f) shows amorphous carbon after etching.

The etching process also etches the PMMA, so to test the durability of PMMA
as an etch mask, holes of 50 nm diameter and 100 nm pitch where transferred
in a honeycomb pattern to the graphene using e-beam lithography as described
in section 3.5, and etched for 3-7 seconds. The size of the holes increase with
time as shown in Fig. 3.6.
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Figure 3.6: Overetched graphene sample. The holes were designed in a honey-
comb lattice with hole diameter of 50 nm and a pitch of 100 nm.
The overetching resulted in a hole diameter of 70 nm, leaving 30 nm
of graphene between the holes. Inset shows hole diameter for three
different etch times.

3.5 Device Fabrication

This section describes the fabrication process of graphene Hall bars using elec-
tron beam lithography (EBL).

3.5.1 Electron Beam Lithography

Graphene devices were fabricated in a two-step e-beam process, metallization
and etching. Metal contacts can be made on a surface using standard pho-
tolithography, however, the random positioning of graphene flakes, makes e-
beam lithography a suitable choice for custom contacts. The first mask step
defined the metal contacts, and the second defined the etching pattern of the
graphene sample. The lithography steps were done in this order, since the met-
allization proved to enhance the yield of devices, by pinning the graphene to
the surface. The lithography was performed on a Joel JBX9300FS writer. For
the metallization step a dose of 1000 xC/cm? and a current of 41 nA were used,
while for the etching step a dose of 1000-16000 xC/cm? and a current of 0.2 nA
were used (see appendix A). The high current can be used for the metalliza-
tion since the smallest features are around 1 um, and the high current reduces
writing time.

Metallization and lift-off

The first lithography step consists of a bilayer resist of 350 nm LOR and 300
nm PMMA, with LOR as lift-off resist, and PMMA as patterning resist. After
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e-beam exposure, PMMA is developed and an undercut is made in the LOR
using diluted Tetramethyl ammonium hydroxide (TMAH), 50% in water. Metal
deposition of 10 nm Cr and 100 nm Au are done at a low rate of 1 A/s in order
to reduce stress in the metal. Lift-off is a two step process; first the sample is
immersed in acetone for 10-15 minutes for metal lift-off and PMMA removal,
followed by 5 minutes in TMAH to remove the LOR. These steps are shown in
Fig. 3.7(a)-(e).
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Figure 3.7: Schematic of e-beam fabrication process. (a) PMMA and LOR re-
sist stack. (b) Development of PMMA after e-beam exposure. (c)
Undercut of LOR resist. (d) Metal deposition. (e) Metal lift-off.
(f) PMMA deposition. (g) Development after e-beam exposure.
(h) Graphene etching. (i) Resist removal.

Twelve metal contacts are placed in a circle around the device, each 400x400
pm in size, which can be connected using probes, as shown in Fig. 3.9.

Graphene patterning

The second lithography step consist of an etch mask for defining a multielectrode
Hall bar structure. The Hall bar has four measurement areas; graphene, one
row of holes, three rows of holes and a mesh of holes. The device is fabricated
on a single crystal graphene flake. The Hall bar is 2 pym in width, and each area
is 4 ym in width. The lithography step uses two different beam currents; one
for nanoscale structures (hole pattern) and one for microscale structures (Hall
bar boundary and electrodes). Following the lithography step, the samples are
etched as described in section 3.4 and the resist is removed. Fig. 3.7(f)-(i) shows
the second lithography step, and a final device is shown in Fig. 3.8 and in Fig.
6.1a.

Appendix A shows the fabrication process in detail.

31 CHAPTER 3. EXPERIMENTAL METHODS



3.6. ELECTRON BEAM IRRADIATION

Figure 3.8: Multielectrode Hall bar device fabricated by e-beam lithography.
Bottom figure shows 3-dotted lines.

3.6 Electron Beam Irradiation

The effect of electron beam irradiation during scanning electron microscopy is
discussed in the following. Samples for electron beam irradiation were made
as described in section 3.1. To protect the graphene during imaging, diluted
AZ5214e (2:1 in PMGEA) was spun at 6000 rpm for 50 seconds with an ac-
celeration of 500 rpm/s. This resulted in a 200 nm thick layer. Irradiation
of the sample was performed by aligning the electron beam to a known index
mark, turning off the electron beam, translate the stage to the position of the
graphene and irradiate the sample for the desired time. For my samples, I used
a magnification of 10.000 and irradiated for 3 minutes, which resulted in a dose
of 5.000 uC/cm?. This dose was chosen since it has shown to drastically alter
the electrical properties [77,84,85].

After irradiation, the resist is removed in acetone.
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3.7 Fixed Electrodes

Measurements with fixed lithographic contacts were measured using a Linkam
stage, which allows for eight electrical connections. The stage has a heater and
cooling elements, and the chamber can be sealed in low vacuum or a controlled
atmosphere (see Fig.. 3.9).
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Figure 3.9: Graphene sample with fixed metallic electrodes mounted on the
Linkam stage under vacuum. Inset shows probe pins connected to
contact pads for electrical connections.

Measurements are performed by applying a voltage and measuring the current
through the Hall bar. The voltage drop over each section of the Hall bar is mea-
sured simultaneously, as illustrated in Fig. 3.10. The Hall bar is fabricated from
a single cleaved graphene flake, so any difference between flakes are eliminated.

All electrodes attached to the Hall bar is tested before measurements. Two-point
measurements are performed across Vi, then V5 and so on, until all electrodes to
the Hall bar has been tested. Although a metal connection can visually appear
to be functional, all connections are tested in this manner, before four-point
measurements are performed. The system is put under vacuum, followed by
both gated and temperature measurements. The gate sweep rate is set 100
ms/Vy (see section 5.1), and done at temperature is the range -150°C - +50°C.
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Figure 3.10: Technique for measuring on hallbar. A constant voltage drop is
applied across the hallbar, the current and the four voltage drops
are measured. Holes are not to scale.

3.8 Summary

This chapter described in detail the fabrication processes using for making
graphene and graphene devices. Fabrication of graphene and graphene devices
consist of several step, including lithography, etching and wet chemistry. All
processes are potential damaging for graphene, so extra care needs to be taken
with chose of chemicals and etching parameters. The chapter also introduce
Raman spectroscopy of graphene and the electrical setup used for the fixed
metal electrodes on graphene. The next chapter will describe the use of micro
four-point probes on graphene which is a fast and flexible alternative to fixed
electrodes for characterization of nanostructures.
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MICRO
FOUR-POINT PROBES

Last section described the process of fabricating graphene, graphene devices and
experimental methods used in this project. However, by using micro four-point
probes (M4PP), it is possible to perform measurements without any lithography,
and to measure is different positions. This section will describe the theory
of micro four-point probes technology and measurements, and illustrate the
fabrication of probes and the construction and design of the measurement setup.

4.1 Theory

The most straightforward way to measure the electronic properties of a sample,
would be to attach two wires to the sample, let a current (I) run through it,
measure the voltage drop (V) and calculate the conductance as G = é How-
ever, such a two-point measurement will also include the serial resistance of the
wires, spreading and contact resistances. A better way is to contact the sample
with four independent electrodes, and measure the voltage drop across two of
these, while passing a current through the two other electrodes. This will elim-
inate all wire- and contact-resistances, since the supplied current is the same in
a serial circuit, and the voltmeter has a very high internal resistance.

With four connections to the sample, there exist six different combinations of

current- and voltage-connections (shown in Fig. 4.1), where only five of them
are independent [30].

36



4.1. THEORY
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Figure 4.1: Configurations of current and voltage probes.

In the absence of a magnetic field, the following identities are valid; R4 = R4/,
Rp = Rp' and Rc = R¢r, where R; is the sheet resistance calculated from
R, = % as indicated in Fig. 4.1.

For a point potential of ¢y on a thin sample of infinite size (sample thickness
much smaller than half probe spacing (f << S/2) [87]), the potential (¢) in a
distance r is [38],

I
¢ — g = — - In(r). (4.1)
The potential from a dipole is then:
RI
o-t=gtm(2), (1.2
7 T2

where 71 and 75 is the distances to the poles. Considering a co-linear four-point
probe with probe pitch s, and the dipole at the outer probes, the applied bias
voltage between the center probes is:

R,I 2s s
Va=2¢ = = [1n<8>—1n(28)} (4.3)
In(4) 1
- RIS~ R 4.4
R~ 53t (44)

where the factor 4.53 is called the correction factor (C4) for configuration A,
valid in the limit of an infinite two-dimensional sheet. Similarly, the correction
factors for B and C' configuration are found to be; Cp = 5.72 and C¢ = 22.84

[55].
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4.1.1 EFErrors

When performing micro-four point probe measurements, there are certain types
of errors which can contribute to incorrect interpretation of the results. In the
following, the position errors and the sample sensitivity is discussed.

Position errors

When placing the probes on the substrate, the contact positions may deviate
from their ideal, equidistant positions. These contact point deviations are either
in-line or off-line errors, as shown in Fig. 4.2. To compensate for in-line position
errors, a dual measurement can be used, by first measure the A configuration
followed by the B configuration [89]. This van-der Pauw like measurement
strategy has been proven extremely useful in improving the accuracy with which
micro four-point probe measurements can be carried out [37].

(a)yT (b) 2
> 51
--@----®-----®----®-- =0
o, ideal =
——F—L———o ————— .- ---- .- -1
in-line error ”

B FECR <1 0 1 2 3

off-line error ®/pitch

Figure 4.2: (a) In-line and off-line position errors using M4PP. From [90]. (b)
M4PP resistance sensitivity. Notice the high sensitivity area near
the probe contact positions at x=0,1,2,3. Fig. from [91].

Sample Sensitivity

Variations in the graphene sheet, such as defects, impurities, scratches or kinks
give rise to different measured values for the resistance, depending on the place-
ment of the probes. The sensitivity to such variations is shown in Fig. 4.2(b).
The sensitivity goes to infinity at the probe positions, so any defects directly
at the voltage probes will result in very unreliable measurements. This means
that small changes in the probe position on the graphene flake may result in
variations in the conductance. This has been observed by a simply disengage
and reengage the probes.
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4.2 Methods

This section will briefly describe the methods used for making four point probe
measurements on graphene, specifically the probe fabrication and the measure-
ment setup.

4.2.1 Probes

The probes for measurements were prefabricated using standard cleanroom tech-
niques by the fabrication process described in [92]. The probes consist of SiOs
with metal. As seen in Fig. 4.3a, the chips also include a strain gauge, although
it was not used. The chips are glued to printed circuit boards (PCB), and zero
insertion force (ZIF) connectors were used for easy switching of probes.

" . =
Micromanipulators

Figure 4.3: (a) SEM image of a M4PP used for measuring [20]. (b) Chip with
probes glued and wirebonded to a ZIF PCB. (c¢) Graphene sample
and M4PP mounted on a SmarAct micromanipulator.

39 CHAPTER 4. MICRO FOUR-POINT PROBES



4.3. SETUP

4.3 Setup

In order to do M4PP measurements on graphene, a setup was built, which is
sketched in Fig. 4.4.

Currentsource

D

Measure voltage —|

(V) Gate
voltage

graphene

Figure 4.4: Schematic of measurements setup.

The DC current source is supplied by a Keithley 2400 sourcemeter, while a Na-
tional Instruments Data Acquisition Card (DAQ) supplies the gate voltage and
measures the voltage drop across the voltage probes. In order to obtain higher
gate voltages, the gate voltage was amplified using a Falcon voltage amplifier.
The setup was controlled with a laptop running LabView, and was designed
for both ambient and vacuum measurements. For measurements in vacuum,
the probes were mounted on a 13 axis SmarAct micromanipulator which was
fitted inside a FEI Quanta 200 ESEM FEG environmental SEM. Measurements
in ambient conditions were performed in using a Zeiss optical microscope for
alignment of probes to sample.

For the reason of high gate sweep rate of up to 240 V/s (see section 5.1), all
measurements are done in the A configuration unless otherwise stated.
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4.4 Micro Four-Point Probes

The M4PP setup was made usable for both ambient conditions using an opti-
cal microscope, and for vacuum conditions inside a SEM. Different techniques
were used for measuring and aligning probes wether measurements were done
in ambient or vacuum.

4.4.1 Aligning and Approach

For measurements in vacuum, aligning of the sample and probes are performed
on the SmartAct stage before placing the setup into the SEM. This is done in
to insure the probes approach the sample from the intended direction, which
cannot be changed once the chamber has been put under vacuum. In ambient,
the sample can be gently rotated underneath lifted probes. The engage angle
of the probes is set to 30°. If the probes are oriented wrongly with respect to
the sample surface, there is a change that the four probe pins will not engage
the surface simultaneously. This aligning is done by eye, and adjustments are
made before re-engage.

/

graphene

Figure 4.5: Aligning and contacting graphene samples in SEM. Alignment and
rotation of probes needs to be precise for successful contact. Red
lines indicates angle between M4PP and the surface, while the blue
lines indicates the orientation between the probes and the graphene
flake. Left scale bar is 400 pm, right is 20 pm.

Samples are located using the index marks, and the distance between the sam-
ple and the probes are estimated from the field of view of the microscope. For
measurements in vacuum, the sample were placed just outside the field of view
of the electron beam. Focusing and lens calibration is done in the visible region,
and the probes are moved in after everything is ready. This was done in order
to avoid damage and/or contamination on the surface from the electron beam,
see section 5.2. In ambient, it is not an issue of aligning with the graphene flake
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in the field of view.

Fig. 4.5 shows a tilted view of M4PP in contact with a single layer graphene in
SEM.

4.4.2 TIssues

Although M4PP allows for fast electrical or mechanical characterization of sur-
faces, there are issues which should be considered.

Mechanical contact between probes and a graphene flake has potential for scrap-
ing and creating holes, as seen in Fig. 4.6. White spots on graphene in SEM
do not necessarily correspond to scraping damage. After SEM, optical images
of the samples are recorded to confirm wether the features are due to scraping
from the probes or not. A White spot is believed to be induced charges from

the electrical measurements.

|
¥

e g

Figure 4.6: A high mechanical force from too large engagement depth can result
in scraping and damage of the graphene flake. The scale bar is 10

Q.
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When using M4PP, only very small engagement depth should be used to avoid
scraping. Furthermore, stability and drift should be reduced as much as possi-
ble. A large source of drift was found to be the use of carbon tabs for sample
adhesion and instability source included nearby traffic and other people in the
building. This was reduced by working at nighttime. The possibility of using a
different design of probes is discussed in section 4.6.

When measuring with M4PP, the very best measurements are achieved by mak-
ing dual configuration measurements and multiple engages on the sample. How-
ever, due to stability, drift and vibrations, measuring on graphene was found to
be most reliable by making a single engage and a fast measurement in a single
configuration. This is discussed further in chapter 4.4.2.

Electrical breakdown in graphene can happen if the current density exceeds 108
A /em? [36], which was observed with currents of 100 A and higher. The contact
point when using M4PP is approximately 100 nm and assuming a graphene
thickness of 3.4 Angstrom, we calculate a current density through the perimeter
of the assumed circular perimeter of the contact area of 107 A/cm?, which
correlates with breakdown current density in graphene [36]. Using M4PP, the
current is kept below 10 pA to avoid electrical breakdown.
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4.5 Electrical Characterization of Silver Nanowires

Conductive nanowires can interconnect with nanoelectronic devices [93,94], how-
ever contamination or oxidation of the bare metal nanowires can lead to degrada-
tion of the conductance of the wires. A simple and cheap method for fabrication
of silver nanowires with a polyvinylpyrrolidone (PVP) cladding by direct elec-
trospinning was shown by Song et al. [95]. The wires were characterized using
the setup described in section 4.3, with extra care taken to align probes and
wires. The wires are around 80 nm in diameter.

Fig. 4.7(a)-(b) shows the M4PP on a bare silver nanowire, and a wire with
protective PVP cladding respectively. Fig. 4.7(c) shows the electrical mea-
surements on silver nanowires, with and without PVP cladding. Measurements
on the silver nanowires were performed as previously described, while mea-
surements on PVP/Ag nanowires were done with greater care. Firstly, several
engages were made to ensure minimal mechanical damage by the probes. Af-
terwards, higher and higher voltage sweeps were performed up to 50 mV.

[

Figure 4.7: SEM images of bare silver nanowires (a) and nanowires with PVP
cladding (b). (c) Electrical characteristics of three different bare
nanowires and silver nanowire with PVP cladding. No current can
run through the cladding. Scale bar in (a)-(b) is 5 pm.

QO Sample 1
O Sample 2
%/ Sample 3
@® Wire with PVP

H i
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Conductivity of 0.3 — 0.5 - 10% S/cm of the bare silver nanowire, which is com-
parable to 0.8-10° S/cm measured by Xia et al. [96]. Tt was not possible to run
a current through the cladding.

The results showed that a thin organic film is able to block the conductance
measurements using M4PP, while other times, damages to graphene flakes were
visible from mechanical contact.

44 CHAPTER 4. MICRO FOUR-POINT PROBES



4.6. MECHANICAL IMPACT ON VERTICAL NANOWIRES

4.6 Mechanical Impact on Vertical Nanowires

As was shown in section 4.4.2, the use of M4PP can lead to damage of the
graphene sheet from the contact force during mechanical contact. Sometimes so
severe that the sample is unmeasurable. The reason for the damage is the high
mechanical rigidity of the cantilever in the longitudinal direction, compare to
the two lateral directions. An L-shaped probe designed by Dirch Petersen [97]
solved this by having the same spring constant in all three directions, enabling
the probe to stay in static contact (ie. without scraping) despite vibrations,
smaller translations and drift. Thee L-shaped was tested and compared to reg-
ular straight cantilevers on TiW coated nanograss. Fig. 4.8 shows the difference
from mechanical contact between probes and nanograss.

Figure 4.8: SEM images of cantilever engages on TiW nanograss. (a)-(b) Single
engage using straight probes with an engage depth of 1-2 ym, which
leaves marks of 1 ym. (c)-(d) Same experiment using L-shaped
cantilever, which shows no visible damage to the nanograss.

Nanograss are made by deep reactive ion etching of silicon, followed by a sput-
tering of TiW. The probes are made 5 pum thick polysilison and coated with
10/200 nm Ti/Ni. Straight cantilever leaves marks in the nanograss and even
contaminate the probes with the nanograss, with engage depths of 1-2 pm.
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For the L-shaped cantilevers, even for high engage depths of 20 pum, a static
contact is maintained to the nanograss, and no visible damage is observed upon
disengage. The L-shaped cantilevers were fabricated with a pitch of 20 pm,
and were therefore not small enough measurements on cleaved graphene. Such
cantilevers, however, are being developed at DTU, with a pitch down to 1 um.

4.7 Summary

This chapter presented the use of micro four-point probes, the electrical setup
and issues when measuring on graphene and sensitive nanostructures. For sen-
sitive samples, where damages from scraping, fast measurements are needed
so vibrations and drift are minimized. The characterization setup and probes
allows for measurements on 80 nm thick nanowires, and L-shaped cantilever
probes proved with static contact to nanograss appears to be a highly usable
tool for characterization.
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HYSTERESIS AND
CONTAMINATION

This chapter will present results arising from electrical characterization of graphene,
namely the hysteresis effect and electron beam contamination.

5.1 Hysteresis in Graphene Field Effect

The field effect in graphene often show hysteresis, occuring in the difference in
conductance depending on the sweep direction of the gate voltage. This has
been previously observed for gating graphene [70-72,98,99]. The gate sweep
performed in this thesis starts from zero voltage to a positive voltage, +V, to a
negative of the same magnitude, —V and back to zero. The position of the gate
voltage at the CNP depends on the sweep direction, and hysteresis is defined as
the difference in voltages at which charge neutrality appears.

The origin of the hysteresis is believed to be capacitive gating [100, 101] or by
charge transfer with a liquid, usually water [70,72,102]. Charge trapping in the
Si02 has been suggested [70-72,98,99, 101], which screens the graphene from
the gate voltage. In this picture, the accumulated charge in the SiO5 augments
the applied gate voltage, creating a lower effective voltage.

To investigate the hysteresis dependence on the gate sweep rate, I used the

setup describe in section 4.3, with M4PP in SEM. The gate sweep rate was
varied between 0.4 V/s and 240 V/s, shown in Fig. 5.1.
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Figure 5.1: Hysteresis dependence on sweep rate of the gate. (a)-(c) Conduc-
tance for gate sweep rates of 240, 40 and 0.4 V /s respectively. (d)
Hysteresis for different gate sweep rates.

In the simple picture of hysteresis, applying a voltage to the gate, the electric
field traps or detraps charges with a specific rate, depending on sweep direction.
At high sweep rates (sweep rate higher than the trapping rate), the traps does
not have time to fill, before the direction is reversed. At very low sweep rates, a
steady state is expected, meaning that the trapping or detrapping rates reaches
zero before the next step in the gate voltage, and the hysteresis should approach
a constant value, possibly zero.

Between the very high and very low gate sweep rates, we expect a maximum to
occur, which is found at a gate sweep rate of around 0.8 V/s, as seen in Fig.
5.1d. The reason for 0.8 V/s is believed to be that for the fast sweep rates
, the capacitance dominates, while for very slow sweep rates charge trapping
dominates [72,100]. The magnitude of the hysteresis is comparable to results
obtained by Wang et al. [72], who measure a rate of 1.25 V/s.

5.2 Contamination and Irradiation

E-beam lithography and SEM/TEM investigation of graphene devices exposes
the sample to an electron beam. The irradiation can introduce lattice damage
and amorphisation of the graphene [77,84,102-104] or deposit contamination
[105]. Many experiments have shown that irradiation on graphene will change
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the electrical properties, typically by a n-doping effect [77,84,85,94,103,104,1006].

To investigate the effects of e-beam irradiation, a graphene flake is contacted
in SEM as described in section 4.4.1. To avoid irradiation of the sample, the
graphene flake is positioned just outside the field of view of the microscope, and
the M4PP is then placed on top. An initial measurement is made, followed by
irradiation by shifting the beam. Fig. 5.2 shows a SEM image after irradiation.

Figure 5.2: Visible effect of electron beam contamination with M4PP in contact.
Sample exposed in a rectangular area (dark). After exposure the
position of M4PP is observed as light areas. Scale bar is 10 pm.

From the SEM image, it can be seen that the probes shadows the e-beam at the

probe position. Measurements

are shown in Fig.. 5.3.

are done every 5 minutes. The measurements

2
b initial +5 mins
o e
L
— 'c,"' —
.
€15 K €15 1
E . £
8 8 -
5 "‘. h3 5 &
g A ] o
S 1 s 51 R
° . ” Lol Rl
s ", - &
.
3 ", ", o o &
e S
05 RNy 05 ]
-30 -20 -10 0 10 20 30 -30 20 -10 0 10 20 30
Gate voltage [V] Gate voltage [V]
2 - T 2 — -
" . +10 mins R +15 mins
. * . .
. o "t
'C~Q' - 'Q
%) s ) S,
£15 (A, i 15 Ky h
o Y - ° . " oo
o] s x o o [} A "
e "t s e o %, iy
o . . » " o * . ra »
S W, - s . % o
S - > S . . Ll 4
= Yo R = e o
k-] e o ° " " o
S LA o = . ., Ll
S A - o] . Ll
o) . - o . o
% o . o
.'W ", *, L,
05 05 g R ey 1
. . , . , . . . . .
-30 -20 -10 10 20 30 -30 -20 -10 10 20 30

0
Gate voltage [V]

0
Gate voltage [V]

Figure 5.3: Effect of e-beam exposure of graphene sample for initial sample and
5, 10 and 15 mins of e-beam irradiation.
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5.2.1 Splitting of the Charge Neutrality Point

As the irradiation dose is increased, a n-doping effect is observed. Furthermore,
a splitting of the CNP is seen. This is contributed to the shadowing effect of
the M4PP, which effectively creates two different areas, which are measured
simultaneously. From Fig. 4.2b it is also seen that the probes shadow some of
the high sensitivity area for M4PP measurements.

Other groups [77,84,102-104] argue the irradiation create lattice damage, how-
ever, their results are based on Raman spectroscopy, which shows a D-peak after
irradiation. This D-peak will be present for both lattice damage and amorphous
carbon deposition [107,108], and since the acceleration voltage was set to 5 keV,
well below the threshold for knock-on damage of 86 keV [109], it is believed the
doping effect is due to contamination, as also observed by Liu et al. [L05].

5.3 Summary

Hysteresis and irradiation effects on electrical characterization of graphene de-
vices were discussed here. Hysteresis can arise from charge trapping and de-
trapping with the gate insulator, which here was shown to be dependent on
the gate sweep rate, with a hysteresis maximum at 0.8 V/s. Contamination of
graphene showed a n-doping effect, which is attributed to amorphous carbon
contamination during irradiation.
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NANOPATTERNED
(GRAPHENE

This chapter presents and discusses results obtained from nanostructuring graphene
with an antidot lattice using electron beam lithography. The devices consists
of a Hall bar structure with multielectrodes for characterization of different
sections of increasing amounts of patterning.

6.1 Raman Analysis
Raman spectroscopy of the final devices were done as described in section 3.2,

and Fig. 6.1 shows a SEM image and Raman maps of the D peak/G peak (Fig.
6.1b) and the 2D peak/G peak (Fig. 6.1c) ratios.

92



6.1. RAMAN ANALYSIS

()

(c)

Figure 6.1: (a) SEM image of final device G. Although difficult to see, the sec-
tions are mesh, 5 rows, 1 row and graphene left to right respectively.
Black rectangle defines the area of the Raman map. (b)-(c) D/G
and 2D /G ratios of peak intensities respectively. Black outlines in-
dicates position of metal electrodes.

Fig. 6.1(a) is a SEM image of device G after measurements, and Fig. 6.2 shows
the mesh section, with 50 nm holes. The D/G ratio shown in 6.1(b) shows an
increase in defects in the nanostructured sections due to the fabricated holes,
while the 2D /G indicates single layer graphene.

53 CHAPTER 6. NANOPATTERNED GRAPHENE



6.2. VARIATIONS IN NUMBER OF ROWS

Figure 6.2: Antidots in graphene Hall bar. Hole diameters is 50 nm with a pitch
of 100 nm. Inset shows the Fourier transform of the mesh. Scale bar
is 1 um.

6.2 Variations in Number of Rows

Electrical measurements are performed on the sample in Fig. 6.1, using the
setup described in section 3.7. No data was collected for the 5 rows section
because no functional electrodes were found in device G. Fig. 6.3 and Fig. 6.4
shows gate sweeps for graphene, 1 row and complete mesh.
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Figure 6.3: Gate sweeps for Hall bar sections of graphene, 1 row and a complete
mesh at —150°C.
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Figure 6.4: Conductance for varying gate voltages and temperatures for the pris-
tine section (black squares) and the mesh section (red circles).

The gate sweep for the pristine graphene and a single row are very similar,
whereas the conductance for the mesh is lower. The small difference is con-
ductance between pristine graphene and a single row can be an effect of the
e-beam lithography performed on the single row, resulting in a small increase in
conductance. During characterization however, a single row was not observable
in Raman or SEM. The resolution of the Raman map may not have been high
enough to observed disorder from a single row, and contamination of the sample
did not allow for a confirmation using SEM.

Since there is no difference between pristine graphene and a single row, it in-
dicates that multiple rows are necessary to alter the electronic properties. The
reason is most likely that either the neck width between the holes are too large
for any electron confinement to occur, or that a single row does not increase the
number of scattering event sufficient for altering of the electrical properties.

Bai et al. [12] (Fig. 2.7) showed a field effect in graphene antidot lattice fab-
ricated with block copolymer lithography. Their devices have neck widths of
7-15 nm, which resulted in on-off ratios of around 10. Furthermore, their result
indicate a reduction in conductance with decreasing neck widths. Fig. 6.3 also
shows a reduced in conductance of the mesh compared to the pristine graphene,
however, there is no on-off ratio for the mesh section of the Hall bar. This indi-
cates that the antidot lattice with 50 nm neck widths does reduce conductance
with a factor of around 10, comparable to the results from Bai et al., but the
neck width is not adequate for defining an on-off ratio.
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Fig. 6.4 shows the gate sweep for the pristine graphene and the mesh for tem-
peratures between -150°C - +50°C. The hysteresis decreases with decreasing
temperature. This is also shown in Fig. 6.5. As discussed previously, hystere-
sis in graphene is due to capacitive gating effects or charge transfer between
the graphene and water on the surface. If water molecules are mobile on the
graphene surface, a reduction in temperature will freeze the water and be frozen
in place. At high temperature the charges can move in-line with the gate voltage
and effect hysteresis, but at lower temperatures, the charges are localized in the
ice, resulting in less hysteresis.

The temperature dependence on the hysteresis has also been observed by other
groups [72,110], and the suppression of trapping rates is attributed to ice on
graphene exhibits a stronger dipole moment than water, which also agrees with
theory [111].
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Figure 6.5: Hysteresis dependence on temperature on sample G.

6.2.1 Band gap in Antidot Lattice

To investigate if the antidot lattice show any indication of a band gap, gate
sweeps on the different sections are performed at temperatures in the range
-150°C - +50°C. As described in section 2.2.2, the conductance will increase
with increasing temperature in the presence of a band gap. The minimum sheet
conductance at the CNP for graphene, a single row and for five rows is shown
in Fig. 6.6.
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Figure 6.6: Sheet conductance at CNP for different hall bar sections and at
various temperatures. No increase in conductance with decrease in
temperature indicates that these sections does not have a band gap.

There is no clear tendency of a temperature dependence on the conductance,
which indicates no band gap is present in either sections of the Hall bar. This
is most likely due to the hole size of 50 nm and pitch of 100 nm is not small
enough for band gap opening, consisting with [51]. With these parameters, the
neck width of graphene between the holes are 50 nm, which is not small enough
for electron confinement. Devices with hole diameters down to 20 nm and pitch
of 40 nm were designed and fabricated, however final devices were either miss-
ing electrical connections, had leakage current to the gate or damages to the
graphene during processing.

The conductance of the CNP varies between 0.2 mS for the mesh, and up to
0.8 mS for the pristine graphene and single row sections. From literature, the
conductance through an antidot lattice at room temperature of neck width of
around 7 nm is reported to be around 0.01 mS [17] and 0.1 mS [42], which
correlate well with ours, considering our neck widths are 50 nm. Graphene
nanoribbons by Han et al. [39], measures conductances of 0.08 mS for graphene
nanoribbons of 50 nm widths. This is about half of our measurements on sam-
ple G of 0.2 mS (Fig. 6.6). Han et al. [39] also measures very low temperature
dependence on the conductance in the range 50-300 K, similar to our measure-
ments.
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From the gate sweep, the carrier mobility for the different sections are calculated
from equation 2.4, and shown in Fig.. 6.7.
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Figure 6.7: Carrier mobility for different sections at various temperatures. Gen-
eral trend is a reduction in carrier mobility with increasing defects
in the graphene.

The carrier mobility deceases as the number of rows increases, which is due to
the increase in defect density and thereby a decrease in the mean free path.
Safron et al. [17] has reported fabrication of graphene antidot lattice using col-
loidal lithography with neck widths down to 6.9 nm, and measured the carrier
mobility to be around 1 ¢cm?/Vs. The measured carrier mobility in Fig. 6.7c is
around 300 cm?/Vs for the antidot lattice, but does have a larger neck width of
50 nm.

The increase in mobility for pristine graphene has also been observed by Zhu et
al. [112], where an increase of around 30% in carrier mobility in the temperature
range of -150°C - +50°C. The results in Fig. 6.7a shows a doubling in mobility
from around 750 cm?/Vs to 1500 cm?/Vs. The increase in carrier mobility is
contribute to lower phonon scattering at lower temperatures [113,114], which is
only present for the pristine and single row graphene. For the antidot lattice,
the mobility is limited by defect scattering from the holes [115].

6.3 Summary

This chapter presented result of electrical characterization of multielectrode
graphene devices. The devices were made with electron beam lithography, and
with varying number of rows of holes. The conductance and carrier mobility
decreases for the antidot lattice compared to pristine graphene, however the
electrical measurements dependence on temperature suggests that the hole size
of 50 nm are not small enough for creating a band gap, although for a single
row (if present) the mobility is unaffected.
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CONCLUSIONS

Characterization of graphene and other nanostructures were performed in this
project. The micro four-point probe technique allows for fast and reliable char-
acterization of graphene devices, but also for very sensitive nanostructure. It
was shown that micro four-point probe could be used for electrical characteri-
zation of silver nanowires with a thickness of 80 nm, however the use of straight
cantilevers could in some cases damage sensitive surfaces, such as graphene and
nanograss. A solution is to use flexible L-shaped cantilever, which remains in
static contact during small vibrations, translations and drift. Even at very high
engagement depths of up to 20 pum, the cantilevers did not exhibit damage
to TiW nanograss, and remained in static contact, compared to straight can-
tilevers, which showed visible scraping damage for an engagement of 1-2 um.

Graphene devices were characterized in-situ SEM for determining the hysteresis
effects, which shows a dependence on the gate sweep rate. The hysteresis has a
maximum at a gate sweep rate of 0.8 V/s, which arises from a balance between
the capacitance and the charge trapping rates. The hysteresis effect was also
shown to be highly depended on temperature, which almost vanished at -150°C,
which is attributed to a suppression of the trapping rates due to stronger dipole
moments in ice, compared to water.

Graphene devices with antidot lattices with varying number of rows were fabri-
cated using standard electron beam lithography, with a hole diameter of 50 nm.
The multielectrode devices were made from a single micromechanical cleaved
graphene flake with different sections, each with increasing number of rows
of holes. The electrical measurements showed no difference between pristine
graphene and a single row, however it was not possible to confirm that the
single row was actually present in the device through Raman spectroscopy or
scanning electron microscopy. A clear distinction was visible in the carrier mo-
bility between pristine graphene and a perforated antidot mesh in the graphene
flake. For pristine graphene, the carrier mobility varied with temperature from
around 750 cm?/Vs at 50°C to around 1500 cm?/Vs at -150°C, while the carrier
mobility for the mesh was constant with temperature, at around 300 cm?/Vs.
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The conductance of the different sections proved to be unaffected by tempera-
ture, which leads to believe that no band gap is present in the antidot lattices.
This is most likely due to the size of the holes and the neck width of 50 nm
being to large for electron confinement.

This project investigated graphene devices with hole size down to 50 nm, but
it is believed that smaller holes potentially could produce devices with an ob-
servable band gap using the same fabrication and characterization methods as
described here. Fabrication of smaller holes could be done with optimization of
the electron beam lithography parameters, or by using a controlled over etching
of the PMMA mask and underlying graphene.
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E-BEAM

FABRICATION PROCESS

1.0 | Grow oxide

1.1 | High doped wafers

<0.025 Ohm-cm

Dry oxide in phosper
drive-in, use 2 dummy
wafers at both ends of the
boat. Recipe: dry1050C
for 72mins. Complete
times is usually around 4,5
hours

2.0 | Fabricate index marks

2.1 | Surface preparation

HMDS coating

HMDS oven, recipe 4

2.2 | Spin on resist AZ5214e photore- | SSE  spinner, recipe:
sist 2,2um 4inch
2.3 | Pattern transfer Mask: "Tibo index | Karl Suss Aligner. Hard

marks"

contact, 4.7sec

2.4 | Image reversal

Hot plate, 110C,
100s for each wafer

Rest for 10 mins before
flood exposure

2.5 | Flood exposure

No mask

Karl Suss Aligner, 30 sec.

2.6 | Develop

A7Z5214e devel-

oper:H20 1:5

70 sec. develop, rinse in
water 3 mins, spin dry

3.0 | Clean wafers

3.1 | Remove graphite

Use tape under op-
tical microscope

Remove graphite around
graphene so there is space
for metal contacts. Also
remove large graphite
pieces for more uniform
resist,
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4.0 | E-beam metal contacts
4.1 | Spin on resist PMMA 950k 4% in | SSE Spinner, manual dis-
Anisol pense, 1500 rpm, bake
180C for 3 mins, gives 300
nm
4.2 | Al coating 150 Angstrom Wordentec, thermal depo-
sition, 2 Angstrom /s
4.3 | E-beam exposure To improve lift-off, | E-beam  writer, 1000
smallest feature | uC/cm2, 41 nA, aperture
size should be 2 |7
um, remember 4
corner boxes, and
180 degree rotation
4.4 | Al removal MF-CD-26 45 sec.  clearly visible
when removed, rinse in
water for 1 min. Spin dry
4.5 | Develop 1:3 MIBK:IPA 45 sec. Ensure movement
during develop.  Follow
by rinse in water (45 sec),
and rinse in IPA (45 sec).
Blow dry.
4.6 | Metal deposition 10 nm Ti and 100 | Alcatel (not Wordentec),
nm Au 10 Angstrom /s
4.7 | Lift-off In Acetone In petridish, soak for 15
mins, use cotton but to
gently mechanically help
the lift-off. Rinse in water
(1 min), and TPA (1 min)
5.0 | E-beam etch mask
5.1 | Spin on resist PMMA 950k 4% in | SSE Spinner, manual dis-
Anisol pense, 1500 rpm, bake
180C for 3 mins, gives 300
nm
5.2 | Al coating 150 Angstrom Wordentec, thermal depo-
sition, 2 Angstrom /s
5.3 | E-beam exposure Draw large are | E-beam writer:  Large
around Hall bar, | structures: 1000 uC/cm2,
remember 4 corner | 6-8 nA Small structures:
boxes, and 180 | 1600 uC/cm2, 0.2 nA
degree rotation
5.4 | Al removal MF-CD-26 45 sec.  clearly visible

when removed, rinse in
water for 1 min. Spin dry
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5.5 | Develop 1:3 MIBK:IPA 45 sec. Ensure movement
during develop.  Follow
by rinse in water (45 sec),
and rinse in IPA (45 sec).
Blow dry.

5.6 | Graphene etch | Depending on num- RIE 2, recipe mbk graph:

ber of graphene lay- 45 sccm 02, 5 Ar, 40
ers to etch, use 3-5 mTorr, 10 W

sec etch. 3 sec for

single layer, 5 sec

for up to 3 layers

5.7 | Resist removal | In Acetone In petridish, 5 mins. rinse
in water (1 min), IPA (1
min), blow dry

6.0 | Scribe wafers

6.1 | Scribe wafers Cleanroom processing complete
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(RAPHENE
IDENTIFICATION

B.1 Graphene Identification

Automatic graphene identification consists of a series of image filters to success-
fully only single and/or few-layer graphene. Cleaved graphene on a SiOy wafer
with index marks has some challenges, as illustrated in Fig. B.1. Graphene is
identified as 10% contrast with the SiO2 background. A background correction
image is made, which is used reference. However, shadows from larger graphite
flake, also has 10 % contrast in some part of the shadow. Furthermore, very
small flakes of graphene (<1um) are difficult to fabricate device from and are
therefore not of highest interest. These factors leads to many false positive re-
sults, and therefore several image filters are combined to reduce them. Among
the filters are expanding and contraction of areas of 10%, which will remove
small areas.
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B.2. IMAGE RECOGNITION AND PROCESSING

Figure B.1: (Left) Cleaved graphene on SiOs. (101) Single layer graphene.
(102) Bilayer graphene. (103) Graphite. (104) Au index mark.
(105) Shadow. Image from [76]. (Right) Output of the script
consists of a grayscale mask, indicating the areas of single, and few-
layer graphene.

B.2 Image Recognition and Processing

The output image and mask from the graphene identification program (Fig.
B.1) is further processed for making graphene devices. The process of identi-
fying the position of the index marks in the image, rotate the image and the
mask, perform image recognition to read out the numbers of the index marks,
any number which was not identifiable is deduced from the other numbers, and
finally write the data to a .cif-file.

The image recognition uses the fact that the numbers are written in a 7-segment
display. For each number, each segment is tested by evaluating the intensity
values of the pixel in the position of that segment, leading to an either true
or false. When all segments are complete, the best estimate is considered be-
ing that number. It was found that the most difficult distinction was between
the numbers zero and eight in the case of incomplete lift-off, as shown in Fig. 3.3

The programs has to be able to identify the crosses from two index marks in
the image. Any other number found will be deduced from the position of those
crosses. Another limitation is graphite flakes in contact with an number, will
not successfully identify that number. Since these limitation only apply to a few
images, the images can be modified using a standard image processing program
in order to avert these issues.
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B.3. IMAGE RECOGNITION CODE

B.3 Image Recognition Code

function [drawIM,drawG] = zImage2cif (folder,file,handles,hObject)
$IMAGE2CIF Summary of this function goes here

% Function to analyse optical image of graphene on silicon
dioxide with index marks

Function includes:

- image recongnition of index marks

- image rotation of angled images

- graphene position identification

- drawing of index marks and graphene on different layers
- export to cif-file

Made by:

Mikkel Klarskov

Nanointegration

DTU Nanotech, Technical University of Denmark

o0 o0 o° o0 O O O O O I A A A o o

indexmarkThreshold = 210;

filename = [folder file ".png"];
A = imread(filename);
Al = A(:,:,1);

s = size(A);
imIndexMarks = zeros(s(l),s(2));

I = find(Al>indexmarkThreshold);
imIndexMarks (I) = 1;

txt = ["File: " filel;
fprintf ([txt "\n"1);
zUpdateLog (txt, 1, handles, hObject) ;

$Find crosses in index marks

cross = zFindCrosses (imIndexMarks,handles,hObject);
filename = [folder file "fixed.png"];

%$Graphene positions

imGraphene = imread (filename) ;

imGraphene = imGraphene(:,:,1);

$Rotate image
[imIndexMarks, imGraphene, angle] =
zRotateImage (cross, imIndexMarks, imGraphene, handles, hObject) ;

$Image recognition of index marks
[drawIM, outLines] = zfindIndexMarks (imIndexMarks,handles,hObject);

drawG = bwboundaries (imGraphene) ;

A2 = imrotate (Al,angle);
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B.3. IMAGE RECOGNITION CODE

zPlot (handles, flipud (A2),outLines, drawG) ;
guidata (hObject, handles) ;
fprintf ("\n");

[drawIM,drawG] = zShift (drawIM, drawG) ;
zSaveCombinedCIF (struct,outFile);

end

function [cross] = zFindCrosses (image, handles,hObject)
$ZFINDCROSSES Summary of this function goes here

% Detailed explanation goes here
minimumCrossWidth = 50;

maximumCrossWidth = 65;

ddx = (maximumCrossWidth+1)/2;

ints = [17 34 517;

boundaries = bwboundaries (image) ;

k = 1;

txt =" Finding index marks locations... ";

fprintf (txt);
zUpdateLog (txt, 1, handles, hObject) ;
for i=1l:length (boundaries)

c = boundaries{i};
dx = max(c(:,2))-min(c(:,2));
dy = max(c(:,1))-min(c(:,1));
if (dx>minimumCrossWidth &&
dx<maximumCrossWidth &&
dy>minimumCrossWidth &&
dy<maximumCrossWidth)
s = "123456789";
cx = round((max(c(:,2))+min(c(:,2)))/2);
cy = round((max(c(:,1))+min(c(:,1)))/2);
C = image (cy-ddx:cy+ddx, cx-ddx:cx+ddx) ;
s(1l) = num2str(C(ints (1), ints(1)));
s(2) = num2str(C(ints(1l),ints(2)));
s(3) = num2str (C(ints (1), ints(3)));
s(4) = num2str (C(ints(2),ints(1)));
s(5) = num2str (C(ints(2),ints(2)));
s(6) = num2str (C(ints(2),ints(3)));
s(7) = num2str (C(ints(3),ints(1)));
s(8) = num2str (C(ints(3),1ints(2)));
s(9) = num2str(C(ints(3),ints(3)));
t = bin2dec(s);
if (t==186)
cross{k}.boundary = c;
cross{k}.centerX = cx;
cross{k}.centerY = cy;
k = k+1;
end
end
end
txt = ["found " num2str (length(cross)) " index marks"];

fprintf ([txt "\n"]);
zUpdateLog (strcat (txt,char (10)), 0, handles, hObject) ;

81 APPENDIX B. GRAPHENE IDENTIFICATION



B.3. IMAGE RECOGNITION CODE

end

function zSaveCombinedCIF (struct,outputFile)
$ZSAVECOMBINEDCIF Summary of this function goes here

% Detailed explanation goes here

cifScaling = 2000;

cif = "(CIF export from MatLab);\n";

cif = [cif " (Automated generated file);\n"];

cif = [cif "(Scaling: 1 CIF Unit = 1/2000 Microns);\n"];

cif = [cif "(Written by Mikkel Klarskov, Nanointegration, ...

DTU Nanotech);\n"];

for j=l:length(struct)
drawIM = struct{j}.drawIM;

drawG = struct{j}.drawG;

cif = [cif "DS " num2str(j) " 2 40;\n"];

cif = [cif "9 " num2str (struct{j}.name) ";\n"];
cif = [cif "L ImportedIndexMarks;\n"];

for i=l:length (drawIM)
c = drawIM{i}.boundary;

cif = [cif "P "];
for j=l:size(c)
cif = [cif num2str (round(c(j,2)*cifScaling)) ...
"," num2str (round(c(j,1)*cifScaling)) " "I;
end
cif [cif ";\n"];

~

for k=1:4
$drawIM{i}.number{k}
if (~isempty (drawIM{i}.number{k}))
c = drawIM{i}.number{k}.boundary;
cif = [cif "P "];
for j=l:length(c)
cif = [cif num2str(round(c(j,2)*cifScaling)) ...
", " num2str (round(c(j,1)*cifScaling)) " "1;
end
cif = [cif ";\n"];
end
end
end
cif = [cif "L Graphene;\n"];

for i=1l:1length (drawG)
c = drawG{i};
%$if (length(c)>20)

cif = [cif "P "];
for j=l:length(c)
cif = [cif num2str(round(c(j,2)*cifScaling)) ...
", " num2str (round(c(j, 1) xcifScaling)) " "1;
end
cif = [cif ";\n"];
$end
end
cif = [cif "DF;\n"];
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B.3. IMAGE RECOGNITION CODE

end
cif = [cif "DS " num2str(length(struct)+1l) " 2 40;\n"];
cif = [cif "9 importedGrapheneSamples;\n"];
for j=l:length(struct)
cif = [cif "C " num2str(j) " T 0 0;\n"];
cif = [cif "91 U" num2str(struct{j}.name) ";\n"];
end
cif = [cif "DF;\n"];
cif = [cif "E"];

fid = fopen (outputFile,"w");
fprintf (fid, cif);
fclose (fid);

end
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Abstract

We present measurements of the electronic properties of graphene using a repositionable micro
four-point probe system, which we show here to have unique advantages over measurements
made on lithographically defined devices; namely speed, simplicity and lack of a need to pattern
graphene. Measurements are performed in ambient, vacuum and controlled environmental
conditions using an environmental scanning electron microscope (SEM). The results are
comparable to previous results for microcleaved graphene on silicon dioxide (Si0,). We
observe a pronounced hysteresis of the charge neutrality point, dependent on the sweep rate of
the gate voltage; and environmental measurements provide insight into the sensor application
prospects of graphene. The method offers a fast, local and non-destructive technique for
electronic measurements on graphene, which can be positioned freely on a graphene flake.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Since the first demonstration of isolated graphene and its field
effect properties [1], much effort has been focused on its
electrical properties [2], since the carriers in graphene behave
as massless fermions with a linear dispersion relation around
the Dirac points [3].

The typical approach toward testing the electrical
properties of graphene is by patterning the graphene into
a suitable geometry and depositing electrodes by photo- or
electron beam (e-beam) lithography [1, 4, 5].
of microcleaved graphene, the lithography pattern must be
aligned to the individual graphene flake, followed by at least
one round of exposure, development, metallization and lift-off.
Large-area graphene from chemical vapor deposition (CVD)
and epitaxial growth on silicon carbide is less restrictive in
terms of alignment. but still requires definition of a field effect
transistor-like electrode geometry [6].

In the case

0957-4484/11/445702+06533.00

With the drastic increase in available graphene area [7, 8],
the verification of the electronic properties of as-produced
graphene becomes increasingly important, and will constitute
a quickly narrowing bottleneck for industrial development and
research. Furthermore, the lithographic patterning of graphene
leads to irreversible changes to the sample, and previous
results show that the lithography process itself may change
the electronic properties, leaving resist residues, contaminants
etc [9, 10].

An obvious solution is to use repositionable electrodes.
Several scanning probe techniques have been applied to
the characterization of graphene, such as scanning probe
gate measurement of the charge neutrality point [11], and
electrostatic force microscopy [12]. Conducting atomic
force microscopy (AFM) is also possible [13]; however,
here it was demonstrated that the bias voltage can lead
to undesirable patterning of the graphene through local
anodic oxidation [13]. Although these methods probe the

© 2011 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. (a) Nustration of M4PP with two different measurement configurations, A and B, where V' measures the voltage drop, and /
indicates a current source. (b) Optical image of the 12-point probe used in ambient measurements. Three different pitches are indicated,

1.5 um, 3.0 yem and 4.5 pom, respectively.

electrical properties, lithographic definition of at least one
electrode on the graphene sample is still required. Recently,
four independently positioned electrodes were applied for
rotational square configuration measurements of multi-layer
epitaxial graphene on SiC ina 100 x 100 zm® measurement
area [14]. Although this technique allows for anisotropic
conductance characterization [15], microfabricated four-point
probes (M4PP) [16] are much simpler to operate, and
do not involve individual alignment of the scanning probe
tips. This makes mapping a practical possibility, which has
been demonstrated for numerous other materials including
conjugated monolayer polymers [17] and non-uniform ultra-
thin semiconductors with lateral dimensions down to 10 x
10 um? [18]. In addition, it has recently been shown that
the Hall carrier mobility and carrier density can be extracted
from collinear four-point probe measurements [19]. Multiple
previous measurements of the conductance of graphene using
lithographically defined fixed electrodes have been made,
falling in the range 0.1-8 mS [20-22], and the conductivity
of graphene particles has been measured at 64 mS cm™! using
standard four-point probe techniques [23].

In this work we show that repositionable, monolithic
micro four-point probes provide a fast, local and non-
destructive technique for measuring the electrical properties
of graphene, despite the extreme thinness of the material and
the mechanical contact required. We show that the method
can be used in both ambient and vacuum conditions, and
employ environmental scanning electron microscopy (ESEM)
to investigate the effect of the local environment.

2. Methods

The current investigation involves equidistant M4PP mea-
surements on micromechanically cleaved graphene samples.
Two electrodes are used for sourcing a current, /, and the
other two for measuring the corresponding voltage drop, V.
Two different measurement modes were used; single and dual
configuration. In the single configuration mode we calculate

the sheet conductance o = 7/(cV), where ¢ is the geometrical
correction factor [24]. Due to position errors of the electrodes
there is a unique static error on the geometrical correction
factor. Using dual configuration, this static position error is
eliminated [25], as well as geometrical errors caused by finite
sample size [27]. Figure 1(a) illustrates the two current/voltage
electrode configurations used for dual configuration position
correction, A and B.

Graphene samples were produced by mechanical exfolia-
tion of graphite on low-resistivity wafers with thermally grown
90 nm silicon dioxide (Si0O») film, Prior to the exfoliation, the
wafers were baked at 120°C and cleaned in O, /N plasma for
5 min. Gate voltage was controlled by a back-side contact;
however, to improve M4PP to surface alignment, top-side
connections were preferred. To avoid chemical interaction with
the graphene, the top electrode was made by removing an area
of the 8105 by reactive ion etching and metal deposition using
ashadow mask.

3. Ambient conditions

The measurements in ambient conditions (ie. in air at
room temperature and pressure) were obtained using a
commercial Capres MicroRSP-M150 system with Capres
MI2PP probes (see figure 1(b)), from which the equidistant
pitch configurations 1.5, 3 and 4.5 pm were selected for the
measurements. An AC current of | A was used. The time for
making a measurement was 5 min, with a gate voltage sweep
from 0 V to +60 V and back to 0 V.

Figure 2 displays a typical dual configuration measure-
ment of the conductance as a function of applied gate voltage
in ambient conditions. Three different pitches were used,
indicated by the three different curves, and two different
measurement configurations were combined [25, 26] to give
the result shown. Defining hysteresis as the difference in the
conductance minima, we observe a pronounced hysteresis of
approximately 35 V. Such hysteresis effects are commonplace
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Figure 2. The conductance of a graphene flake in ambient conditions
on clean Si0; as function of applied gate voltage. The conductance
is measured with 10 configurations per gate step and gate voltage
steps of 2 V. In each data point, recordings with three different
voltage probe pitches. 1.5 pm (red solid), 3.0 ym (green dotted) and
4.5 um (blue dashed). were done. The insert shows an optical image
of a 12-point probe over a single layer of graphene.

for graphene on Si0O; [4, 5, 27-29]. The effect was explained
by Wang er al [30] as trapped charges in the SiO; leading to
a different effective gate voltage experienced by the graphene,
as compared to the applied gate voltage. The hysteresis effect
is further discussed after vacuum measurements. The carrier
mobility was calculated from u = ¢/ x do/dV, [1], where ¢
is the thickness and ¢ is the permittivity of SiO; and V, is the
gate voltage. The mobilities are calculated to be in the range
1000-2500 cm® V! 5L,

4. Vacuum conditions

For measurements in a vacuum (IU’S Pa), a FEI Quanta
200 ESEM FEG was used. The probes were mounted on
a 13-axis SmarAct micromanipulator which was fitted in the
ESEM, and all measurements were performed with 1.5 pm
pitch probes. After carefully aligning the probe to the plane
of the sample, they were brought within 1-2 mm of the
surface before evacuating the chamber. Measurement on gold
coated regions was used to verify proper operation of the
individual electrodes. A DC current of 10 A was sourced
using a Keithley 2400 sourcemeter, while the voltage drop was
measured with a National Instrument data acquisition (DAQ)
card. The gate voltage was applied by the DAQ card. and
amplified using a Falco Systems voltage amplifier. The gate
voltage was swept from 0 to +60 to —60 V and back to 0 V
in all measurements, at a controllable rate of between 0.4 and
240 V 57!, corresponding to a full sweep frequency between
1.7 mHz and | Hz.

Alignment of the M4PP was made with reference to
lithographically defined index marks, and the probes were
engaged with the graphene sample outside of the field of view
of the microscope until electrical contact was measured. This
was done in order to avoid exposing the graphene sample to
the e-beam irradiation, which has been shown to introduce
damage [31-34] as well as contamination on the surface. In
order to do fast gate sweeps, we used a single configuration
(A) for vacuum measurements, Conductance measurements
for three different sweep rates are shown in figures 3(a)—(c),
with only the positive gate voltages. For high sweep rates,
there is a low signal-to-noise ratio, so multiple sweeps were
averaged to produce the data shown.
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Figure 3. Measurements in a vacuum showing conductance (in 4¢*/ /1)

Sweep rate [V/s]

as a function of applied gate voltage for different sweep rates:

(2) 240 Vs~ (b)4 V™! (c) 0.4 Vs~!. Arrows indicate the sweep direction. The hysteresis appears to increase as the sweep rate is
decreased. (d) Hysteresis as function of sweep rate, which shows a maximum in hysteresis at 0.8 V s~!. Hysteresis was found by a parabolic
fit to the data below a conductance of 1.5 times 4¢?/ h. Error on the fit is negligible.
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Figure 4. (a) Environmental measurement where the mobility decreases when graphene was exposed to wat
vacuum (1), water vapor is introduced (low vacuum) (2) and finally high vacuum is achieved again (3). Colo
down-sweep (blue). (b) Raman spectrum before (solid) and after (dotted) measurements in SEM. The spectrum is
of the intensity of the D peak to the G peak remains small after the measurement, indicating that the graphene did not alter in strucf

the method described in the text.

The charge neutrality points are calculated by fitting a
parabola near the minimum conductance of the up- and down-
sweep, and finding the minimum of the fit. The carrier
mobility is estimated in the same manner as the measurements
in ambient conditions. As the sweep rate is decreased, the
hysteresis changes, and the mobilities are observed to decrease
slightly from ~1200 to ~1000 em® V=! 57!,

The variation of hysteresis with sweep time is shown in
figure 3(d). It is observed that the hysteresis increases up to
0.8 Vs~ followed by a decrease. This trend was observed on
all samples investigated.

In the following work we use an environmental SEM in
which a range of gases can be leaked into the sample chamber
in order to study the influence of the local gas environment
on conductance and mobility. Figure 4(a) shows the effect of
water vapor on conductance. First, a high vacuum (103 Pa)
measurement was performed (1), resulting in mobility around
2000 em® V='s~', Water vapor was introduced at 400 Pa
(2), and the mobility dropped to roughly 500 cm® V=!s~!,
Evacuating the chamber to 103 Pa again (3) the mobility was
restored to its initial value, with a slight shift in the charge
neutrality point and minimum conductivity.

Figure 4(b) shows Raman spectra from pristine graphene
samples and graphene samples contacted outside the field
of view. The /(D)/I(G) ratio remains small after ESEM
measurements, which shows no indication of an increased
density of defects [35].

Our results obtained under vacuum in a SEM show that the
hysteresis in the charge neutrality point depends on the sweep
rate, with a maximum hysteresis at 0.8 V s~!, The hysteresis
effect has been observed in many graphene field effect devices,
and has been suggested to be caused by charge trapping in the
SiO» [4, 30].

When changing the gate voltage, the electric field traps or
detraps charges at a specific rate. Therefore, it may be expected
that the hysteresis will approach zero for high sweep rates since

Intensity [art. units]

2000 2500

Raman shift [cm ]

1500 3000

vapor. Graphene starts in high
rep - (black) and

The ratio
re using

the traps do not have time to fill. This should lead to a time-
dependence of the hysteretic effect, and thus a varying offset
of the charge neutrality point. Furthermore, it is expected that
a steady state will be achieved for very low sweep rates, so
hysteresis should also approach a constant value, possibly zero.
Mattmann er al [36] demonstrated that pulsing the gate voltage
is a highly efficient method to strongly reduce gate hysteresis
for carbon nanotube based field effect sensors.

Environmental measurements showed a clear reduction
in carrier mobility, when comparing high vacuum to low
vacuum with water vapor. These results contradict previous
measurements with a variety of adsorbed gases on graphene
which showed no change in mobility [37].
to specifically determine the cause of this contradiction, but
suggest that our observations of changing mobility may be
due to ionization of water molecules which adsorb onto the
graphene surface, and thereby increase the number of charged
surface scatterers. Protons and hydroxyl groups may also be
able to neutralize some of the charged species already on the
surface, which then may desorb from the surface when a high
vacuum is reintroduced. This would explain why the mobility
is slightly increased when comparing the two high vacuum
states.

We are unable

While we frequently encountered a poor electrical contact
to the graphene, damage to the graphene surface was rarely
observed. The graphene seemed very resistant to mechanical
scratching; however, breakdown occurred consistently at a
current of around 100 A or more. This can be explained
by a high current density at the contact points, which from
previous studies [38] can be expected to be at minimum 100 nm
indiameter. Assuming the thickness of the graphene layer to be
3.4 A, the current density at the perimeter of a contact area is in
rough agreement with the critical current density of graphene
of 108 Acem™? found experimentally by Murali er af [39], at

-2

107 Aem™2,
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5. Conclusion

We have shown that micro four-point probes can be used to
perform local and non-destructive measurements on graphene,
within a shorter time span than with commonly used
lithographic processing. The sample size is only limited by
the electrode pitch, and the non-destructive approach makes
further processing of the sample possible. To compete with
lithographic contacts, it is of key importance that the approach
can be used in a vacuum or controlled atmospheric conditions,
which we have demonstrated here. We observed a strong
tendency of the carrier mobility to decrease in the presence
of water vapor, which conflicts with previous reports. It is
anticipated that micro four-point probes could be an invaluable
tool for inline verification and process monitoring in graphene
fabrication, as well as providing a unique possibility of probing
and mapping the local transport properties of graphene.
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ABSTRACT

We demonstrate an application of three-way flexible
micro four-point probes for indirect uniformity
characterization of surface morphology. The mean sheet
conductance of a quasi-planar 3D nanostructured surface
is highly dependent on the surface morphology, and thus
accurate sheet conductance measurements may be useful
for process uniformity characterization. The method is
applied for characterization of TiW coated nanograss
uniformity. Three-way flexible L-shaped -cantilever
electrodes are used to avoid damage to the fragile surface,
and a relative standard deviation on measurement
repeatability of 0.12 % is obtained with a measurement
yield of 97%. Finally, variations in measured sheet
conductance are correlated to the surface morphology as
characterized by electron microscopy.

INTRODUCTION

Densely nanostructured surfaces and nanowire arrays
are relevant for a number of applications, including
photovoltaics [1], superhydrophobic surfaces [2] and
surface enhanced Raman spectroscopy [3, 4]. A range of
tools such as Atomic Force Microscopy (AFM), Scanning
Electron Microscopy (SEM) and ellipsometry [5] are
available for characterization of homogeneity of surface
morphology as well as other physical properties. There is
no established method for measuring the homogeneity of
the electrical properties of fragile nanostructured
surfaces.

Micro four-point probes (M4PP) with straight
cantilevers [6] have in recent years proved to be a very
useful tool for accurate sheet resistance and carrier
mobility characterization of ultra thin films [7].
Compared to conventional four-point probes, the M4PP
greatly reduces the destructive nature of the probe contact
[8]. However, electrical characterization of fragile
surfaces such as organic thin films and high-aspect ratio
nanostructured surfaces require an even gentler probe
contact in order to avoid structural damage induced by
lateral contact forces during mechanical contact.
Three-way flexible L-shaped cantilever electrodes have
been developed to achieve static contact on planar
surfaces which drastically reduces frictional tip wear [9].
This type of probe is here applied to provide

978-1-4577-0156-6/11/$26.00 ©2011 IEEE
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non-destructive  contact  to conductive
nanostructured surfaces.

In this paper, we propose a four-point probe method
for indirect uniformity characterization of nanostructured
surfaces. We investigate the measurement repeatability as
well as the sensitivity to surface morphology variations
by characterization of fragile TiW coated nanograss.
Using three-way flexible electrodes we demonstrate how
the mechanical contact may be non-destructive, resulting
in an increased measurement yield compared to
conventional straight cantilever electrodes.

fragile

CONDUCTANCE AND MORPHOLOGY

The exact analysis of four-point measurements of
non-planar structures is not trivial. However, we may
define a mean sheet conductance Gy for a quasi-planar 3D
structured conductive film with a mean thickness & much
smaller than the electrode pitch s, d<s. The mean sheet
conductance is dependent on the thin film conductivity
and morphology. The conductivity of thin films with a
thickness comparable to the carrier mean free path is
strongly dependent on the film thickness [10, I1].
However, the film thickness and specific surface
morphology are both simple geometrical effects, and it
follows that four-point measurements may be used as an
indirect method to monitor variations in surface
morphology, ¢.g. nanowire density, length and diameter.

X
Figure 1: Schematic view of the conventional straight
cantilever (a) and the L-shaped cantilever (b) engaged a
distance Az on fragile TiW nanograss. The straight cantilever is
virtually incompressible and thus slides with a distance d while

damaging the nanograss. In comparison, the L-shaped
cantilever exerts far smaller lateral force and thus allow to the
probe tips to maintain a non-destructive static contact.

Transducers’ 11, Beijing, China, June 5-9, 2011
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THREE-WAY FLEXIBLE ELECTRODES

To obtain a high measurement yield on fragile thin
films and to avoid excessive sample damage, contact
forces must be minimal. Straight cantilever electrodes are
virtually incompressible in the cantilever length direction,
hence for the straight cantilevers used in this work, the
spring constant is more than two orders of magnitude
larger in the length direction than in orthogonal
directions. Thus, straight cantilevers will exert a large
lateral force on the fragile nanostructured surface during
engagement. In contrast, L-shaped cantilevers are
designed to be equally flexible in all directions, and so the
reaction force is almost perfectly normal to the sample
surface and the lateral force insignificant £, = 0. Figure 1
shows a schematic comparison of the two cantilever
designs resulting in destructive and non-destructive
mechanical contacts to a nanograss surface for the straight
and L-shaped cantilevers, respectively.

EXPERIMENTAL

The samples used in this investigation are TiW coated
silicon nanograss. High aspect ratio nanograss was
prepared by deep reactive ion etching (DRIE) of 100 mm
boron-doped silicon wafers (1-20 Qcm) using the black
silicon method [4] and subsequent sputter deposition of
semi-conformal TiW with a nominal thickness on planar
surfaces of 300 nm. The DRIE process was performed in
an STS ICP Advanced Silicon Etcher and TiW coating
was done in a Wordentec deposition system.

Micro four-point probes where fabricated in 5 pm
thick polysilicon using a process described by Ozlem et
al. [12] and the cantilever clectrodes were coated with
10/200 nm Ti/Ni. Both straight and L-shaped cantilevers
have a nominal spring constant of approximately 10 N/m
normal to the sample surface.

Experiments to evaluate mechanical contacts were
performed in-situ in an FEI Nova 600 NanoSEM with a
M4PP SEM Module. Four-point repeatability and
uniformity measurements were performed on a CAPRES
microRSP-M150 using lock-in  technique with a
frequency of 11 Hz and a current set-point of 200 pA.
Measurements were done with 20 pm electrode pitch and
the mean sheet conductance was calculated using the dual
configuration method [13, 14].

RESULTS AND DISCUSSION
Non-destructive contacts

To study contact scrub marks on nanograss, in-situ
M4PP measurements with simultaneous recording of
SEM images were performed with both cantilever types.
For an engagement depth Az of 1-2 um, large scrub marks
resulted from the straight cantilevers, cf. Fig. 2 (a,b),
while no damage was observed for L-shaped cantilevers,
cf. Fig. 2 (c,d). Even for an engagement depth of 20 pm,
static contact was maintained and no visible damage at the
tip contact area was observed. The results are
representative for several experiments and visible damage
was in no cases observed with the L-shaped cantilevers.

igure 2: In images of M4PP measur Ememi on TiW
nanograss sampiei (a,b) with engagement Az of 1-2 um, the
straight cantilever probes leave large scrub marks with a
radius of ~I um, (c,d) while the L-shaped cantilever probes
leave no visible sample damage.

Table 1: Measurement repeatability on TiW nanograss with
63 measurement attempts for both probe types.

Cantilever type Straight L-shaped
Sheet conductance, Gs (S) 0.1835 0.1838
Standard deviation 0.55 % 0.12 %
Measurement yield' 76 % 97 %

1
Good measurements / measurement attempis

Measurement repeatability

The measurement repeatability for the straight and
L-shaped cantilevers is compared based on 65
measurement attempts (separate touchdowns with lateral
steps of 5 um) for both probe types; and the results are
summarized in Table 1. The relative standard deviation in
repeatability using L-shaped cantilevers is similar to that
on planar thin film materials [15], whereas the straight
cantilever probes exhibits a 16 repeatability, which is five
times larger. Both probe types measure the same mean
sheet conductance since the sensitivity of dual
configuration four-point probe measurements is very
small at the probe contacts [16] where damage occurs for
the straight cantilevers. In addition, the L-shaped
cantilever probe shows a clear improvement in the
measurement yield, reaching 97 % compared to 76 % for
the straight cantilevers. The reduced measurement yield
observed with the straight cantilevers is related to poor
electrical contact and is most likely associated with
nanograss fracturing.

Sample uniformity

Characterization of process uniformity and process
control in manufacturing are interesting applications. For
such applications the method must be sensitive to
variations in surface morphology. Figure 3 shows an
example of the radial variation in measured sheet
conductance of a TiW coated high aspect ratio nanograss
sample compared to a planar TiW coated reference
sample. Small peak-to-peak sheet conductance variations
of 4% are measured on the reference sample due to
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Figure 3: Sheet conductance characterization of nanograss uniformiry (s) and a planar reference wafer (x) with conformally
sputter-deposited TiW. SEM micrograph inserts with corresponding scale bar relates the change in sheet conductance to the
nanoforest morphology which is radial symmetric on the wafer with origin in the wafer center,

process chamber shadowing effects. However, the
reference sample variations are insignificant compared to
the dominant variations on the nanograss sample which
appear radial on the wafer. Radial process variations
caused by plasma loading effects is a well known
phenomenon [17] and it also affects the nanograss density
and morphology as the micrograph inserts reveal. Several
similar nanograss samples were processed with slightly
different plasma parameter yielding different results, but
the large sensitivity to variations is representative for all
samples measured.

CONCLUSION

Four-point probe measurements have been proposed
as an indirect method for characterization of surface
morphology. A relative  standard deviation in
measurement repeatability of 0.12 % has been found,
which is very close to measurement repeatability on
planar conductive samples [15]. The method displays
high sensitivity to variations in surface morphology and
could be a possible metrology solution for process
uniformity  optimization and process monitoring.
Non-destructive micro four-point measurements have
been demonstrated with three-way flexible cantilever
clectrodes whereas conventional straight cantilevers leave
large scrub marks at the electrode contacts on these fragile
nanograss samples. The non-destructive contacts result in
a measurement yield of 97 % which is a significant
improvement compared to straight cantilevers (76 %0).
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Core-sheath silver nanowire/polyvinylpyrrolidone (AgNW/PVP) nanocables have been [abricated via
an efficient single-spinneret electrospinning method. The core—sheath structure is revealed by
combining several characterization methods. A possible formation mechanism of the AgNW/PVP
nanocable involving a strong stretching during the electrospinning process is proposed. Further,
electrical measurements were performed on AgNW/PVP nanocables as well as bare AgNWs, which
indicated the nanocables became insulating due to the isolation of highly conductive AgNWs by
insulating PVP sheath. Therelore, the described fabrication method holds potential for the fabrication
of low-cost metal/polymer composite materials for nanoelectronic applications in general.

1. Introduction

One-dimensional (1D) metal nanorods and nanowires hold
interesting applications in the area of nanoelectronics because of
their potential use as interconnects in nano-optoelectronic
devices."” However, surface effects from contaminants and
oxidation may strongly influence the performance of such
metallic nanowires. Contamination of the metallic nanowires can
be prevented by enclosing the nanowires in an insulating
sheath.** Numerous synthetic methods for the formation of such
nanocables have been developed, including reactive laser abla-
tion,* sol-gel process,*® thermal reduction route,®” surface
modification®® and electrochemical deposition.!*!? Nevertheless,
they either are often high cost or require a complicated multi-step
process, and thus have limited success in large scale processing
which can be extended to wide applications

Electrospinning is a remarkably simple and versatile technique
capable of generating composite fibers with various sizes ranging
from nano to micro-scale.” In our previous studies. we have
demonstrated the capability of the electrospinning technique in
the synthesis of semiconductor/semiconductor,'* semiconductor/
metal,'® and insulator/insulator'® core-sheath composite
electrospun nanofibers. As for metal/insulator core—sheath
nanofibers, nanocables, Sun er al.'7 fabricated platinum/poly-
(L-lactide) (Pd/PLA) core-sheath nanofibers through coaxial
electrospinning, while Li ef al.'™® developed an electrostatic force

ainterdisciplinary Nanoscience Center (iNANQ/, Department of Physics
and Astronomy, Aarhus University, Aarhus C, DK-3000, Denmark.
E-mail: Dong@inano. au.dk

*School of Physical Science and Technology, Lanzhou University, Lanzhou,
730000, People’s Republic of China

‘Nutional Center for Nanoscience and Technology (NCNST), Beijing,
100190, People’s Republic of China

“Denmark DTU Neanotech, Technical University of Denmark, DK-2800
Kygs Lyngby, Denmark

induced electrospinning method to grow copper/poly(vinyl
alcohol) (Cu/PVA) core-sheath nanofibers. However, it seems
there is no report about the silver (Ag) related nanocable using
the electrospinning method

Ag nanowires and Ag-related nanowires with well-defined
dimensions are particularly interesting to synthesize and study
because of their intriguing electrical, thermal, and optical prop-
erties.? Obviously, the nanocable with Ag nanowires as core will
present very exciting properties for wide applications. Currently,
the nanocables with Ag nanowires were mainly synthesized
through surface modification with different molecules. which
provide appropriate surface aflinity compatible for making metal/
dielectric core/shell nanowires.*!* However, the applications of
such nanocables are still immature, because the essential
conductive property ol the core metallic nanowires should not be
ignoredexcept [or special applicationsrequiring exposed surfaces.

Here. we present a new route to [labricate silver nanowires
(AgNWs) with a polyvinylpyrrolidone (PVP) shell via a single-
spinneret electrospinning method. The structure of the AgNW/
PVP nanocables can be clearly identified by scanning electron
microscopy (SEM) by increasing the energy of the electron beam,
combined with X-ray photoelectron spectroscopy (XPS) data. In
addition, the effect of different AgNW concentrations and
different diameters ol the AgNW/PVP nanocable was investi-
gated toexplore the formation of AgNW/PVP nanocables during
the electrospinning process. Based on the results, a tentative
formation mechanism was proposed. Furthermore, electrical
measurements were performed on AgNW/PVP nanocables as
well as bare Ag nanowires.

2. Experimental

2.1 Synthesis of Ag nanowires (AgNWs)

The AgNWs were synthesized by a modified solution processing
technique as reported by Xia er al "' A mixture of 0.792 g PVP
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(poly(vinylpyrrolidone). M,, = 1300 000. Sigma) and 32 ml
ethylene glycol (=99%, Sigma-Aldrich) was heated and kept at
160 °C. Then, 0.204 g AgNO; (silver nitrate, 99%. Sigma-
Aldrich) dissolved in 12 ml ethylene glycol was injected into the
above refluxed mixture at a rate of ~0.6 ml min~'. After injec-
tion. the reaction mixture was kept under vigorous magnetic
stirring and further refluxed for an additional 60 min to ensure
that the growth was complete. The AgNWSs could be recovered
from ethylene glycol through centrifugation and were then
redispersed in ethanol.

2.2 Electrospinning of AgNW/PVP composite nanofibers

Fig. 1 illustrates the entire electrospinning process: the first two
steps were to prepare the precursor solutions. AgNWs were
dispersed in ethanol through a 10 min supersonic treatment prior
Lo being added to the polymer solutions. The precursor solutions
were then prepared by dissolving 0.1 or 0.25 g PVP in 2 ml
ethanol dispersed with 0%. 0.175%, 0.7% and 2.8% (w/v) AgNWs
at room temperature and stirring for 12 h. These homogeneous
suspensions were subsequently placed in a 5 ml syringe fitted with
amelallic needle of 0.4 mm inner diameter. The syringe was fixed
horizontally on a syringe pump (Model: KDS 101, KD Scientific)
and an electrode of a high voltage power supply (Spellman High
Voltage Electronics Corporation, MP Series) was clamped to the
metal needle tip. The flow rate of the solution was 1 ml h™", and
the applied voltage was 135 kV. The tip-to-collector distance was
set to 20 cm, and either aluminium foil or silicon wafer was used
for the collection of the electrospun fibers.

2.3 Characterization of the nanofibers

The morphology of the composite nanofibers was determined by
high-resolution SEM (FEI, Nova 600 NanoSEM). Here, in
particular, the SEM was operated in both low-voltage (5 kV) and
high-voltage (10 kV) mede to obtain the charge contrast imaging
data. Besides, transmission electron microscopy (TEM) (Tecnai
G2 F20 U-TWIN, 200 kV) was applied to reveal the micro and
nanostructures of the samples. The structural properties of the
samples were [urther investigated by X-ray diffraction (XRD) on
a Bruker D8 diflractometer using the Bragg-Brentano geometry
(#/26) Cu K=z radiation. The surface chemistry was probed by X-
ray photoelectron spectroscopy (XPS) using a Kratos Axis
Ultra®® instrument equipped with a menochromated Al K X-
ray source (v = 1486.6 eV) operating at 10 kV and 15 mA (15
W). Wide energy survey scans were obtained over the range of 0-
900 eV binding energy (BE) at a pass energy of 160 eV.

Step 1 .,/ Step 3 |
0 Agmanowiees

Palymer ]
solution //'de

Step 2 ]

—

AgPolymer
solution. |53 J Electrospinning process

Fig. 1 Schematic illustration of the composite fiber formation using the
electrospinning process.

2.4  Electrical measurements of AgNW/PVP nanocables

The micro-four point probes used for the electrical measure-
ments consist of four silicon dioxide cantilevers coated with the
100/1000 A Ti/Au electrode layer. extending over the edge of
a silicon chip.®® The electrode pitch in all experiments here was
1.5 um. The probes are mounted in a SmarAct micromanipu-
lator. placed inside a FEI Quanta 200 FEG Environmental
Scanning Electron Microscope (ESEM), which allows control
of the environmental conditions. Prior to each electrical
measurement, the probes were tested by determining the resis-
tivity of a 500 A thick Au reference film. Electrical measure-
ments of transport property were performed by placing the
bare Ag nanowires as well as AgNW/PVP nanocables on
a silicon dioxide insulating surface. locating the nanowires in
the ESEM. and finally aligning the micro-four point probes to
the samples.

3. Results and discussion

Fig. 2 shows the morphologies of purified AgNWs after centri-
fugation. The AgNWs were relatively uniform with lengths upto
10 pm, as shown in the SEM image of Fig. 2a. Based on statistical
analysis of low-magnification TEM images (Fig. 2b). the mean
diameter of AgNWs was found to be ~80 = 17 nm. Fig. 2c shows
a representative individual AgNW with a diameter of ~98 nm.
Further studies by high resolution TEM image (Fig. 2d) and
selected-area electron diffraction (the inset of Fig. 2d) showed
that the nanowires were single crystalline.

Upon electrospinning. the AgN'Ws were expected to be aligned
along the fiber axis inside the nanofibers. Fig. 3a shows repre-
sentative SEM  images of the sample with an AgNW

s

njﬂ.

Fig. 2 (a) SEM and (b) TEM images of uniform silver nanowires. (c¢)
The TEM image of an individual silver nanowire with the diameter of
~98 nm, and (d) a high-resolution TEM image. The selected-area elec-
tron diffraction patiern (the inset of d) shows that the nanowires are
single crystalline.
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concentration of 0.7% (wfv). The typical electrospun composite
nanofibers had diameters from about 100 nm to 300 nm.
However, no further information could be revealed in Fig. 3a,
especially for the presence of AgNWs. Therefore. charge contrast
SEM was applied in order to determine the AgNW location in
the nanofibers. Clear brightness contrasts were observed in the
marked spots1,2,3and 1’,2, 3 in Fig. 3a(operated at 5kV) and
Fig. 3b (operated at 10 kV). The inset of Fig. 3 shows larger
magnification SEM images of spot 3 (and 3'). Due to the
difference in electron charge transport properties between the
conductive AgNWs and the insulating PVP polymer matrix,
the secondary electron yield was enriched at the location of the
AgNWs, in particular for higher electron beam energies.?***
Therefore. the brightness variations visible in the SEM charge
contrast images could be related to the position of AgNWs in the
sample. 1 is very important to identify the position of AgNWs in
the PVP matrix in order to have accurate electrical measurements
of AgNW/PVP composite materials. The SEM images confirm
that the AgNWs were successfully incorporated into the PVP
polymer matrix. This observation shows that using charge
contrast imaging at high acceleration voltage, we are able to gain
detailed information on the three-dimensional (3D) morphology
of the conductive AgNWs in polymer fibers. So. all the SEM
images of the remaining samples were obtained using the accel-
eration voltage of 10 kV. AgNWs are distributed sporadically
within the PVP matrix. However. in order to reveal whether the
AgNWs have been well embedded in the polymer fiber matrix,
further studies were carried out to investigate the AgNW/PVP
nanocables in more detail. Fig. 3¢ shows an XRD pattern of the
nanofibers. The peaks at 26 values of 38.20°, 44.40° and 64.60°

3

N

300nm

(marked with ¥) are indexed to the face centered cubic (fcc)
phase of silver, which further supports that the AgNW was
successfully added into the PVP polymer matrix. Very interest-
ingly, the XPS data show that no silver was present at the surface
of the nanofibers. Fig. 3d shows the wide energy survey spectra
acquired from an area of app. 300 pm x 700 um. Only peaks
related to C. N, and O appeared in the spectrum. By combining
the charge contrast SEM images, XRD, and XPS data. it could
be concluded that the AgNWs were completely embedded in the
PVP nanofibers. at least deeper than 10 nm. which was the probe
depth for XPS. This implies that we have successfully synthesized
AgNW/PVP nanocables with the AgNW embedded inside as the
core and PVP outside as the shell. as shown in the inset of Fig. 3d.
These nanocables may potentially be used for fabricating low-
cost metal/polymer composite materials for nanoelectronic
applications in general.

To obtain a microscopic understanding of the synthesis
process of the AgNW/PVP composite nanofiber in more detail,
the effect of different AgNW concentrations on the fiber diam-
eter was investigated. The photographs of 3% (w/v) PVP
precursor solutions with 0%, 0.173%, 0.7%. and 2.8% (w/v)
AgNWs are shown in Fig. 4. When more AgNWs were added to
the precursor solution, more sedimentation appeared at the
bottom of the solution vials. The SEM images ol the nanofibers
electrospun from different AgNW concentrations are shown in
Fig. 4. Upon increasing the AgNW concentration, more and
more AgNWSs were observed in the fibers. No significant differ-
ence in the fiber diameter was observed upon addition of
different AgNW concentrations which suggests that AgNWs
have only little effect on fiber morphologies.

¥ Ag nanofibers
M Si substrate

(©

v

Intensity (a.u.)

AN,

40
2

%00

e 600 so0
Binding Energy (eV)

Fig. 3 Charge contrast SEM images of the same region of the AgNW/PVP composite nanofibers using (a) 5 kV and (b) 10 kV acceleration voltages. (¢)
XRD data confirming the presence of Ag in the AgNW/PVP nanocables. (d) XPS wide energy survey spectrum showing the elemental composition of the
surface of the composite nanofibers. The above results show that the formed AgNW/PVP nanocable is corresponding with the ideal nanocable model

(the inset of d).
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(1) 0 %Ag

(2) 0.175 % Ag

Fig. 4 Photograph of 5% (w/v) PVP precursor solutions with 0%,
0.175%, 0.7%, and 2.8% (w/v) AgNWs and the corresponding SEM
images, (), (b), (¢), and (d), respectively.

While the effect of the AgNW concentration on the fiber
morphologies appears insignificant, the fiber size influences the
positioning of the AgNWs in the fibers. Fig. 5a and d show SEM
images of pure PVP fibers prepared [rom the solutions with
different PVP concentrations. The diameters of the fibers from
the solution with 12.5% (w/v) PVP were in the low micrometre

(a) (b)

1 pm 1 pm

(d) (e)

1 pm 1 pm

scale (~900 nm, Fig. 5a). while fibers [rom the 3% (w/v) solution
were in the nanometre scale (~150 nm. Fig. 5d). After adding the
same amount of AgNWs (2.8% w/v) to the two precursor solu-
tions, a difference in the AgNW positioning was observed. For
the fibers with larger diameters (Fig. 5b). multiple AgNWs were
found to be located side by side within the polymer matrix.
However, for the thinner fibers (Fig. Se), no parallel arrangement
of AgNWs was observed.

TEM studies were used to further explore the microstructure
of AgNW/PVP composite fibers. Fig. 3¢ shows a single
composite microfiber with four parallel AgNWs. The AgNWs
were randomly distributed and near randomly oriented within
the polymer matrix of the microfibers. However. when the
diameter decreased in the nanometre scale, the AgNWs were well
aligned along the axis of the composite electrospun-fiber as
shown in Fig. 5. The fiber segment represents an ideal nanocable
with an AgNW as the core and PVP as the sheath. The results
clearly demonstrate that the alignment of the AgNWs in the
nanocable depends strongly on the diameter of the electrospun
fibers.

The TEM image in Fig. 6 shows a single fiber with a varying
fiber diameter from >1.5 pm at the segment marked I, through
a medium diameter at segment 1, to a < 1.0 pm at segment [11.
The trend on how the AgNWs are positioned [rom a—c indicates
a possible mechanism for the formation of the AgNW/PVP
nanocable. Comparing to the CNT, AgNWs are rigid metallic
wires and have an inherent linear structure. The AgNWSs appear
1o be well-oriented along the fiber axis, the same as the CNT/PS
system. However the CNT/PS nanocables show the irregularly
twisted and curled nanotubes in the spun dispersion.”® The
mechanism is schematically presented in Fig. 6. The essence of
the electrospinning process is to generate a continuous jet from
a liquid droplet by charging the surface of the droplet.'* While
the jet travels through the air, the diameter of the jet gradually
decreases as a result of solvent evaporation and continuous
stretching of the jet caused by electrostatic repulsion between the

Fig.5 (a)and (d) SEM images of the electrospun fibers with 12.5% and 5% (w/v) PVP concentrations but without any AgNWs, (b) and (e) with 2.8% (w/
v) AgNWs, and (c) and (f) TEM images of electrospun fibers with 12.5% and 5% (w/v) PVP and 2.8% (w/v) AgNWs.
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Taylor cone

charge carrier density gradient

whipping Instabili
i process

Smaller

Fig. 6 Schematic representation of the formation of the AgNW/PVP nanocable.

charges on the jet. At the same time, the jet path is looped due to
the whipping instability originating from the electrostatic inter-
actions between the external electric field and the surface charges
on the jet.?"

When rigid nanowires such as the AgNWs are present in the
polymer solution, the overall axial flow of solution involved in
the stretching of the jet induces alignment of the nanowires along
the axis of the jet. At the same time. the stretching disperses the
ApgNWs along the length of the jet. For dilute pelymer solutions
the alignment and dispersion are enhanced by a [aster stretching
combined with a higher mobility of the AgNWs. This observa-
tion 1s in agreement with another report, which indicated that the
surface Gibbs free energy favors a smooth jet with polymer at
the surface.?® The position of the AgNWs in a jet is confined by
the TEM. This effect plays an important role in the alignment of
AgNWs, especially when the diameter becomes comparable to
the length of the AgNWs (indicated in Fig. 61-11I).

Sequentially. electrical measurements were performed using
the home-built four-probe method. In this case, an individual Ag
nanowire of ~120 nm in diameter and ~8 pm in length was
aligned on silicon dioxide substrate across four-probe electrodes,
as show in the inset of Fig. 7. A current of upto 1 mA was passed
through the two outer probes. while the voltage drop across the
two inner probes was monitored using a National Instrument
Data Acquisition Card (DAQ). As shown in Fig. 7. a linear /-7
curve was obtained, from which an electrical conductivity of
approximately 0.5 x 10° § em™ was calculated for this Ag
nanowire. Additional measurements on Ag nanowires were
obtained, and the conductivity of those nanowires was ~(0.3 x
10° S em™". The conductivities based on four-probe measure-
ments are comparable to values of 0.8 x 10° S em~' obtained by
Xia’s group.” It indicates that the single crystal Ag nanowires
show excellent conductivity property. which is promising for the
future applications of AgNW nanocables in the area of
nanoelectronics.

Furthermore, the AgNW/PVP nanocables were also aligned
on the silicon dioxide substrate across four probe electrodes and
tested by the same method. A fixed source current of 1 pA was set

Bare Ag nanowire
@

06| ;R{l

Wl S

02 &/a
Ag/PVP nanocable ~

0.0 - 3
. L : . .

0 10 20 30 40 50 60 70
V (mV)

Fig. 7 -V characteristics of two different Ag nanowires showing
a resistance of'49 and 26 ohms, corresponding to a conduetivity o 0.3-0.5
x 10° § em™. But for the AgNW/PVP nanocable, no current passed
through the insulated wires, upto 50 mV. Inset: SEM image of micro-four
point probes measuring on Ag nanowires. The scale bar is 5 um.

I (mA)

BB 4
. L

between the outer probes. while the compliance voltage was
stepwise increased from 1 V to 50 V. It was not possible to pass
any current through the insulated wires upto 50 V, as shown in
Fig. 7. Therefore. the above results illustrated that the PVP shell
in the AgNW/PVP was insulating and effective for the Ag
nanowires to be an ideal nanocable.

4. Conclusion

We have demonstrated a novel and facile way to fabricate
AgNW/PVP nanocables. Uniform AgNWs with excellent
conduectivity were synthesized in large scale by a soft, solution-
phase approach and embedded in a polymer matrix by electro-
spinning. Based on charge contrast SEM and TEM data.
a possible formation mechanism of the AgNW/PVP nanocable
was proposed. The stretching of the electrospinning jet induced
the AgNWs 1o be well aligned along the axis of the composile
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electrospun fiber. Further, by combining XRD and XPS§ anal-
ysis, it was confirmed that the AgNWs were embedded in the
PVP matrix, forming a core-sheath nanocable
Furthermore, electrical measurements were performed on
AgNW/PVP nanocables as well as bare Ag nanowires, which
indicated the PVP shell was insulating for isolating Ag nanowires
with a conductivity of approximately 0.5 x 10° S em™'. Such
nanocables comprising nanowires in an insulating sheath may
serve as important components in nanoelectronic devices. It is
also possible to use this method to fabricate other composite
nanomaterials for applications such as nanometre-scale elec-
tronics, optoelectronics, and sensing devices

structure.
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D.1 Automatic Identification of Single- and/or
Few-layer Thin-Film Material

The following patent was written and formulated in cooperation with European
Patent Attorney David Hendriksen, partner at Plougmann & Vingtoft, and was

filed to the European Patent Office on the 13th of August 2012. The first author
of the patent is Bjarke Sgrensen Jessen.
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D.1. AUTOMATIC IDENTIFICATION OF SINGLE- AND/OR
FEW-LAYER THIN-FILM MATERIAL

AUTOMATIC IDENTIFICATION OF SINGLE- AND/OR FEW-LAYER THIN-
FILM MATERIAL.

FIELD OF THE INVENTION

5  The present invention relates to a method of and a system for automatic
identification of a digital representation of layered thin-film material, e.g.
single-, and/or few-layer graphene, in a digital image.

Few-layer is to be understood to comprise up to 10 layers or more. Few-layer
10  inthis context specifically comprises single-, bi-, tri-, and four-layer.

BACKGROUND OF THE INVENTION

Graphene is a two dimensional material comprising a single layer of carbon

atoms arranged in a honeycomb grid. It has many advantageous room
15 temperature properties like almost twice the electrical conductivity of copper,

more than ten times the thermal conductivity of silver, almost thirty times the

electron mobility of silicon, about 5 times the tensile or Young's modulus of

steel, and more than 45 times the tensile strength of diamond.

20 These properties enable many uses and improvements when using
graphene.

High quality graphene may e.g. be obtained by a technique usually referred
to as micro-cleaving or micro-mechanically cleaving or various exfoliation
25  methods.

Alternatively, graphene can be ‘grown’ using chemical vapour deposition
(CVD) methods. However, a drawback of CVD is that graphene typically is
‘grown’ on copper or nickel and then need to be moved to another usable

30  substrate using a so-called transfer technique. Furthermore, each coherent
area of graphene obtained in this way is relatively small, i.e. CVD graphene
can be seen as comprising a larger number of much smaller adjacent
graphene areas.

35  Graphene has a thickness of only 0.335 nm whereby characterization tools
involving equipment such as atomic force microscope (AFM), scanning
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tunneling microscope (STM), or scanning electron microscope (SEM) often is
used to properly and reliably identify graphene. However, using these
techniques is time consuming and the equipment is also relatively costly.

5  Furthermore, given that coverage of research or similar grade single-layer
micro-cleaved graphene is typically only some few thousand ,um2 on a4’
wafer or similar, such time consuming identification methods are not practical
for large-scale production or research use.

10  Alternatively, manual identification of graphene — which is still used — is slow,
tedious and/or error-prone, especially for fragmented samples. Typical time
spent on manual identification of graphene is e.g. about 5 seconds pr. digital
image and about 6 — 7 hours for a 4" wafer when digitised at an appropriate
resolution needed to properly identify graphene.

15
Patent application US 2011/0299720 discloses to an automated approach for
determining a number of atomic planes in layered material samples.
According to one aspect, calibration is carried out for a thin film material
under specific illumination conditions where a correlation is determined

20  between the number of layers of the layered thin film material and a range of
colour component values. The correlation is then used to determine the
number of layers in a selected region of an image for another sample
comprising the same material as used during the calibration. For accurate
results, the image needs to be captured under the same illumination

25  conditions as used during the calibration.

Calibration is carried out e.g. using micro-Raman spectroscopy and atomic
force microscopy (AFM).

30  Once the calibration is carried out, it may be used for layer detection for other
samples as long as the sample material and the calibration material is the
same, the substrate for the calibration material and for the sample material is
the same, and the illumination conditions stay the same.
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However, it is not practically simple ensuring that illumination conditions truly
stay the same and a given sample material will always have small variations
e.g. in thickness, even across the sample material.

5 Thus, there is a need for an automated simple, reliable, robust, and/or
efficient way of identifying graphene and/or other thin-film materials in a
digital image.

OBJECT AND SUMMARY OF THE INVENTION
10 It is an object to enable automated robust and reliable identification of
graphene and/or other thin-film materials..

A further object is to enable this identification in a simple and/or efficient way.

15  According to one aspect, one or more of these objects are achieved at least
to an extent by a method of automatically identifying one or more digital
representations of single- and/or few-layer thin-flm material in a digital
image, the digital image having a predetermined number of colour
components, and the method comprising

20 — determining a background colour component of the digital image for

each colour component, and

— determining or estimating a colour component of thin-film material to
be identified in the digital image for each colour component, the thin-
film material to be identified having a given number of layers being at

25 least one,
wherein determining or estimating a colour component of thin-film material to
be identified in the digital image for each colour component comprises

— obtaining a pre-determined contrast value for each colour component
and determining or estimating the colour component of the thin-film

30 material to be identified and having the given number of layers for

each colour component by, for each colour component, multiplying a
numerical difference between the pre-determined contrast value for a
given colour component and about 1 with the background colour
component for the given colour component,

35 and wherein the method further comprises
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— identifying one or more digital representations of single- and/or few-

layer thin-film material as points or parts of the digital image that, for

each colour component, has a colour component being within a

predetermined range of the determined or estimated colour

5 component of the thin-film material to be identified having the given
number of layers.

In this way, robust and reliable identification of layered thin-film material in a
digital image is provided since identification is made based on the actual

10  colour of the background and then the actual colour of the thin-film material is
derived using information about contrasts.

Furthermore, this is provided without the need for calibration involving
expensive and/or time-consuming equipment like such as atomic force

15  microscope (AFM), scanning tunneling microscope (STM), or scanning
electron microscope (SEM).

Additionally, the identification works on digital images obtained by relatively
cheap and standard equipment.

This identification may be used on all types of layered thin-film materials,

where a given contrast corresponds to a given layer, e.g. single-layer, of the

thin-film material. For graphene, it is currently possible to distinguish at least

10 layers. For other thin-film materials, it may be possible to distinguish even
25  more layers and of course also fewer.

In one embodiment, the thin-film material is graphene.

In one embodiment, the thin-film material is any one selected from the group

30 of

- molybdenum disulphide,

— hexagonal boron nitride,

- SbgTes,

- MoTey,
35 - WS,

- MoSes,
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- TaSe,
— BiyTe;
— NbSe,, and
— NiTes.

It is to be understood that other types of layered thin-film materials may also
be identified in a similar way.

In one embodiment, the digital image is a grey-scale image or is converted
10 into a grey-scale image and the number of colour components is one.

In an alternative embodiment, the digital image is a colour image and the
number of colour components is three or more.

15 In one embodiment, the method comprises identification of one or more
digital representations of single- and/or few-layer thin-film material in a series
of digital images, wherein

— determining a background colour component of the digital image for
each colour component, and/or

20 — determining or estimating a colour component of thin-film material to

be identified in the digital image for each colour component,
is done for each digital image of the series or is done once where the
determination(s) are used for later digital images of the series.

25 It is more exact to determine the background colour and/or the colour of the
thin-film material for each image but to do either or both only once and use
the determined value(s) is simpler and may be fully sufficient for certain uses.

In one embodiment, the thin-film material of the digital image was located on
30  a given substrate, having a predetermined thickness, when the digital image
was captured and wherein determining a background colour component of
the digital image for each colour component comprises
— providing predetermined information of an approximate range of a
background colour component for each colour component as a
35 function of the particular type and a thickness of the given substrate.
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In one embodiment, the method further comprises

— applying a filter (302), e.g. a median filter, to the digital image to
remove high-frequency noise and/or salt-and-pepper noise before
determining a background colour component of the digital image for

5 each colour component,

— applying one or more dilation steps followed by one or more erosion
steps in order to improve the quality of the digital image for
identification of thin-film material,

— applying a threshold where all pixels of the digital image are discarded

10 except those pixels that have, for each colour component, a colour
component being within a second predetermined range of the
determined or estimated colour component of the thin-film material to
be identified having the given number of layers, and/or

— detecting edges or a contour of at least one part of the digital image

15 that has been identified to be one or more digital representations of
single- and/or few-layer thin-film material.

According to another aspect, the invention also relates to a system for
automatic identification of one or more digital representations of single-
20  and/or few-ayer thin-film material in a digital image, the digital image having
a predetermined number of colour components, wherein the system
comprises one or more processing units adapted to
— determine a background colour component of the digital image for
each colour component, and
25 — determine or estimate a colour component of thin-film material to be
identified in the digital image for each colour component, the thin-film
material to be identified having a given number of layers being at least
one,
wherein one or more processing units is adapted to determine or estimate a
30  colour component of thin-film material to be identified in the digital image for
each colour component by
— obtaining a pre-determined contrast value (Cg; Cg; Cg) for each colour
component and determining or estimating the colour component of the
thin-film material to be identified and having the given number of
35 layers for each colour component by, for each colour component,
multiplying a numerical difference between the pre-determined
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contrast value (Cr; Cg; Cg) for a given colour component and about 1
with the background colour component for the given colour
component,
and wherein the one or more processing units is further adapted to

5 — identify one or more digital representations of single- and/or few-layer
thin-film material as points or parts of the digital image that, for each
colour component, has a colour component being within a
predetermined range of the determined or estimated colour
component of the thin-film material to be identified having the given

10 number of layers.

The system and embodiments thereof correspond to the method and
embodiments thereof and have the same advantages for the same reasons.

15 BRIEF DESCRIPTION OF THE DRAWINGS
These and other aspects will be apparent from and elucidated with reference
to the illustrative embodiments as shown in the drawings, in which:

Figure 1 illustrates a digital image of a substrate comprising single-layer and
20  bi-layer graphene;

Figure 2 schematically illustrates a flow-chart of one embodiment of a thin-
film material identification method;

25  Figure 3 schematically illustrates a graph of pixel histograms of each colour
component obtained for the image of Figure 1;

Figure 4 schematically illustrates the image of Figure 1 after (optional) image
processing removing so-called salt-and-pepper noise without blurring edges
30 in the image;

Figures 5a — 5f schematically illustrate the effect of (optional) additional
image processing of the image of Figure 1;

35  Figure 6 schematically illustrates the image of Figure 1 after single-layer
graphene has been identified and non-graphene has been removed;
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Figure 7 schematically illustrates Figure 6 after some additional image
processing removing noise and/or artefacts;

5  Figure 8 schematically illustrates the image of Figure 1 after bi-layer
graphene has been identified and non-graphene has been removed;

Figure 9 schematically illustrates Figure 8 after some additional image
processing removing noise and/or artefacts;

10
Figure 10 schematically illustrates the end result of processing the image of
Figure 1 showing both identified single- and bi-layer graphene; and

Figure 11 schematically illustrates one embodiment of a system for automatic
15 identification of a digital representation of single-, bi-, and/or few-layer thin-
film material, e.g. graphene, in a digital image.

DESCRIPTION OF PREFERRED EMBODIMENTS

Figure 1 illustrates a digital image of a substrate comprising single-layer and
20  bi-layer graphene obtained by a more or less standard optical microscope.

The figure shows a digital representation of a substrate comprising — in this

particular example — single-layer graphene 101 as well as bi- 102 and many-

layer graphene 103. Many-layer graphene is also referred to as graphite, and

is typically considered as graphene with more than 10 layers. Also shown is a
25  shadow 105 cast by a larger piece of many-layer graphene.

This particular exemplary digital image 100 is a segment or part of a larger
digital image.

30  The image also shows (optional) metal index marks or other types of index
marks 104, typically physically present on the substrate, enabling
identification of where this specific digital image 100 is from in the larger
overall substrate. Such marks 104 are also useful for enabling determination
of the location of a given item, e.g. an area of single-layer graphene, on the

35  substrate.
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In addition, the digital image may comprise digital representations of tape
residues, noise, scratches and/or other artefacts.

In this particular example, the substrate is silicon dioxide SiO. with a

5  thickness of 90 nm on silicon Si. However, other substrates, e.g. poly(methyl
methacrylate) on Si or Al;03 on Si or Al and/or other thicknesses may equally
be used, as long as they provide a numerically significant contrast for the
thin-film of interest.

10 A digital image, such as the one shown in Figure 1, may be used to identify
single-, bi-, tri-, four- and/or few-layer thin-film material, e.g. like graphene, as
will be described in further detail as one example in connection with Figure 2
and elsewhere.

15 Even though the digital image 100 in this particular example comprises
graphene it is to be understood that other images comprising other types of
layered thin-film material may also be investigated in a similar manner to
identify a given layered thin-flm material. As examples of such thin-film
materials are e.g. Molybdenum disulphide (MoS;), hexagonal boron nitride

20  (BN), SbaTes, MoTez,WS;, MoSes, TaSes, BisTes, NbSe;, NiTe,, etc.

As can be seen, the colour of single-layer graphene 101 is close to the colour
of the background (i.e. the colour of the substrate) but still distinguishable by
a human eye although perhaps not easily so.

Figure 2 schematically illustrates a flow-chart of one embodiment of a thin-
film material identification method. Shown is a flow-chart 300 that starts at
step 301. Before or when starting, a digital image (e.g. like the one shown in
Figure 1) is provided or obtained for automatic processing in order to identify

30 single-, bi-, tri-, four- and/or few-layer thin-flm material. In the following,
graphene on a SiO; substrate will be used as an example.

At step 302 (an optional step), high-frequency noise — also often referred to
as salt-and-pepper noise — is removed in order to obtain a more uniform

35 digital image enabling more reliable detection of one or more regions
comprising graphene.
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10

This may e.g. be done by applying a median filter or similar that replaces
each pixel value with a median value of the surrounding pixels thereby
effectively removing outlying pixels.

A median filter is very effective at removing salt-and-pepper noise while
preserving the sharpness of edges and therefore particular useful for
enabling or improving precision of area identification and/or of subsequent
edge detection if used (see below for step 309) and/or other functions.
10
One example of applying such a filter or function may e.g. be seen in Figure
4 showing a digital image 100 after a median filter has been applied to the
image of Figure 1. As can be seen, salt-and-pepper/high-frequency noise has
been removed or diminished and the image contains mare uniform colours.
15
After step 302, (optional) step 303 is carried out that applies additional image
processing to enhance the identification process even further. More
particularly, one or more dilation steps or similar is carried out followed by
one or more erosion steps or similar. The number of dilation steps need not
20  be equal to the number of erosion steps.

Dilation and its counterpart — erosion — are in their basic form operations in
mathematical morphology. Dilation is a convolution of a given image (binary,
grey scale, or colour) with a kernel or the like, usually called a local maximum

25  operator. The operation replaces all pixels with the maximum value of the
surrounding pixels limited by the size and shape of the kernel. As one
example, a square 3x3 pixel kernel may be used. This has e.g. been used in
connection with Figures 5a — 5f but it is to be understood that other shapes
and/or sizes of the kernel may be used.

On a border between a darker and a lighter region in a given image,
application of dilation will expand the border of the light region (being the
same as reducing the border of the dark region) thereby increasing the areas
of lighter areas while application of erosion will do the opposite, i.e. expand

35  the border of the dark region (being the same as reducing the border of the
light region) thereby increasing the areas of darker areas.
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11

Specifically in connection with identification of graphene (or other thin-film
materials), dilation may be used to remove edges around small pieces, spots,
or areas of graphite and residues since pixels with a positive pixel contrast

5  (i.e. darker than the background colour) close to the background colour will
be eliminated.

Figures 5a — 5c illustrate one example of dilation being applied successively
a number of times (in this particular example three times) to the image of
10  Figure 4.

As can be seen, the borders of light regions are expanded and the
contribution from edges, etc. is greatly reduced in essence ‘cleaning up’ the
image even further for more accurate processing.
15

However, the part(s) of the image that corresponds to graphene is reduced in
size as well during this process. Therefore, to more accurately obtain more
exact boundaries or borders of areas of graphene, one or more applications
of erosion is performed afterwards.

Figures 5d — 5f shows one example of erosion being applied successively a
number of times (in this particular example also three times).

As can be seen, the borders of the dark regions are expanded.

Applying dilation one or more times followed by applying erosion one or more
times will (when being balanced but not necessarily equal) reduce or remove
smaller and darker parts or elements of the image and then enlarge larger
parts or elements more or less back to their original size where parts or

30 elements being removed will not be restored. This in essence further ‘cleans
up’ of the image without removing and/or changing substantial colour and/or
edge information for the graphene parts of the image.

After (optional) step 303, step 304 is carried out where the actual colour of
35 the specific background, i.e. the actual colour of the specific substrate, is
determined.
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It could be tempting simply to register the background colour of a reference

image of the used substrate and then simply subtract the reference image,

e.g. the RGB values (or similar in another colour space) or grayscale value,
5  from images of one or more wafers to be processed for identification.

However, when obtaining digital images of a substrate comprising graphene
(or other thin-film material), the background colour changes over the entire,
e.g. 47, wafer. The difference is quite pronounced and may be caused by

10  small variations in the thickness of the substrate, the lamp intensity of an
illuminating source, the microscope/image capturing device shutter time,
and/or the defocus due to wafer bow, etc.

Preferably, the background colour is determined individually for each image

15 to be processed for identification, e.g. as part of analysis of a series of
images, to provide an actual colour of the specific background. Alternatively,
the background colour may be determined once and used for subsequent
images, which is simpler but not as accurate.

20  One simple and efficient way to determine the background colour is simply to
use predetermined information of an approximate range of a background
colour for a given substrate of a given thickness.

This predetermined information for one or more types of substrates may e.g.
25  be stored physically in an appropriate memory and/or storage (see e.g. 203
in Figure 11) for retrieval or use when needed.

For the specific example in Figure 1, the colour component value of each

primary colour components R(ed), G(reen), and B(lue) is known to e.g. be
30 about 175110, 145410, 140+10. For grey-scale processing, the single colour

component value is known to be about 150+10. It is to be understood, that

other intervals may be used instead, e.g. 14015, 140%15, etc. for each

primary colour. The range should not be too narrow (potentially discarding

background pixels) or too broad (less of an issue with respect to loosing
35  useful information but then simply wasting processing time and/or effort).
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It is also to be understood that other colour spaces or models than RGB may
be used, e.g. like HSL (hue, saturation, luminance), HSV (hue, saturation,
value), HIS (hue, saturation, and intensity), etc.

5 Using a colour component value interval and pixel histograms for each
primary colour component (or a single colour component interval and
histogram for grey-scale images), the actual background colour component
values (or grey-scale value) for the specific image may be determined, e.g.
by determining a global optimum within the predetermined range for each

10  colour component (or grey-scale value) assuming that the background colour
will be the far more dominant colour of the image. This assumption is very
safe to make for images of this kind with material located in this manner on a
substrate. Alternatively, other methods for determining the background colour
could be equally valid.

15
This is e.g. illustrated in Figure 3 showing a pixel histogram for each of R
(401), G (402), and B (403) using the RGB colour space. It can easily be
seen that the background colour (the rightmost broken line in each pixel
histogram) is far the dominant one.

As an alternative, an expected value and range of colour component values
are not needed causing the need to determine a global optimum for each
colour component over all the available values. This will work equally well for
all other embodiments but just require more processing time and/or effort.

To derive one or more pixel histograms from a digital image is fairly straight
forward and well known.

When the specific colour component values for the background colour have
30  been determined, the specific colour for graphene is then determined.

This is in this embodiment done by first obtaining one or more predetermined
contrast values at step 305 e.g. from a suitable memory and/or storage (see
e.g. 203 in Figure 11). For grey-scale images only a single contrast value is
35  obtained while three different contrast values are obtained for a colour image
e.g. using R, G, B colour components. It is to be understood that other colour

117 APPENDIX D. PATENTS



D.1. AUTOMATIC IDENTIFICATION OF SINGLE- AND/OR
FEW-LAYER THIN-FILM MATERIAL

14

models/spaces than RGB may be used and that the number of colour
components may be different from three.

The contrast may be calculated as the difference between the colour

5 intensity, as represented by the values of the colour components, of the
background and the colour intensity of graphene of interest divided by the
colour intensity of the background, i.e.

C= Ibackgraund - "graphEne

Ibackgrnund
10

This also holds for each colour component, e.g.

Ibackground,red - Igraphene,red

Crea = i

background,red

15 The inventors have realised and shown that the contrast of graphene of a
given type (i.e. being either single, bi-, tri-, four-, or few layer graphene) in a
digital image — for a given thickness of the substrate that the graphene is
deposited on - is constant (to within a small tolerance) — even for different
colour spaces/models — and likewise that the contrast of graphene for each

20  colour component is constant (to within a small tolerance) and uniquely
determined by the substrate (and its thickness).

The contrast of graphene of a given layer is distinguishably different from the
contrast of graphene of another given layer, e.g. the contrast of single layer

25 graphene is different than the contrast of bi-layer graphene that is different
than the contrast of tri-layer graphene, and so on. The contrast of bi-layer
graphene is about 2 times the contrast of single-layer graphene, while the
contrast of three-layer graphene is about 3 times the contrast of single-layer
graphene, etc.

This enables easy and efficient distinction and thereby separate identification
of graphene of different layers including graphite.

For example, the R, G, B contrasts [Cg; Cg; Cg] for a digital colour image of
35 single-layer graphene on a 90 nm SiO; substrate is about [9%; 11%; 8%]. It
can vary a bit due to small variations and errors. The inventors have for
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example experimentally measured contrasts to be e.g. about [8.6%; 10.5%;
8.1%] as well as other examples.

Contrast values (e.g. for each colour component) may simply be measured

5 once for a given substrate as a function of the type of substrate and its
thickness and then stored in a suitable memory and/or storage (see e.g. 203
in Figure 11) for later use.

One way of determining the contrast values for a given substrate with a given
10  thickness is e.g. to manually find a piece of graphene with an optical
microscope, capture an image of the piece and measure the contrast.
Alternatively one could calculate the contrast by considering light propagation
in layered thin-films e.g. by using the Fresnel equations and convert it to an
appropriate colour space.
15
After this predetermination, there is no need to measure it again for the same
substrate with the same thickness avoiding the need for further calibration.

The specific value for each colour component of a given-layer graphene may

20  then be determined using such predetermined contrast values [Cg; Cg; Cg]
for each colour component and the determined background colour (as
determined at step 304) also for each component.

This is done at step 306 where the identified background colour components,

25  each is multiplied by the result of 1 minus the contrast of the same colour
component of the graphene in question. It is to be understood that using
values close to 1 may still give usable results.

For example, for single-layer graphene where the red component

30  background colour intensity has been determined to be 175 and the
predetermined red contrast value Cr has been retrieved to be 9%, the result
will be 175 x (1 — 9%) being equal to about 159 signifying that single-layer
graphene’s red colour component has a value of about 159 in the actual
image. This corresponds to the peak in pixel values seen in the red

35  histogram around 159 in Figure 3. In a similar way, the values for green and
blue are determined.
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When these values are determined, the actual (or a very good estimate
thereof) colour of the given type of graphene with the given number of layers
in the given image is determined. Areas or regions containing that particular
5 type of graphene with that particular number of layers (being at least one)
may then easily be identified e.g. simply by finding the parts of the image that
have the same colour component values — preferably within a given range.
This may e.g. be done simply searching for pixels in the image having the
corresponding values (e.g. within a certain range) for each colour
10  component.

As an example continuing the above, if the single-layer graphene’s red colour
component has a value of 159 then all pixels having a red colour value within
the range of e.g. 15945 (and also fulfilling having a value within the suitable

15 range for both green and blue) is determined to contain single-layer
graphene.

If other types of graphene, e.g. bi-layer graphene, are to be identified in the
image as well, that may be derived in the same manner using the
20  predetermined contrasts for the particular types of graphene.

However, simply searching for pixels is not efficient. Alternatively, the
relevant pixels may be determined according to (optional) steps 307 and 308
as will be described in the following.

Having determined the colour values for a particular type of graphene, a
threshold is applied at step 307, where all pixels are discarded (e.g. set to the
colour black) except those pixels having values corresponding to a suitable
relatively small range around values of the particular type of graphene. The

30  remaining pixels may then be set to another colour, e.g. white. An exemplary
result of this may be seen in Figure 6 for single-layer graphene.

It is important to note, that the threshold is applied to the three RGB colours
together. If a given RGB pixel obeys the pixel-contrast (i.e. is within the
35 relevant value range) for anything less than all three colours it is discarded.
Using constraints on three colours results in a much higher accuracy than in
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grey-scale images where the three RGB colours are flattened into a single
grey-scale colour, e.g. according to grey intensity = 0.3 x red intensity + 0.59
x green intensity + 0.11 x blue intensity or similar.

5  However, the process may still be used on grey-scale image — but then with
less precision — whereby the threshold is applied only for a single grey-scale
colour.

If several types of graphene are determined, they may each be given their

10 unigue colour, e.g. single-layer graphene may be set to white, bi-layer
graphene may be set to one given shade of grey, etc. Figure 8 shows an
example of bi-layer graphene.

However, the obtained threshold image may still contain some artefacts and

15 noise — as also can be seen in Figures 6 and 8. This may be removed, e.g.
according to (optional) step 308, where one or more steps of erosion followed
by one or more steps of dilation is performed.

Alternatively, other filters may be applied achieving the same effect.

This effectively removes remnants of non-graphene pixels. While the
combined erode and dilate steps serve to mostly preserve the area and
shape of the graphene it should be noted that thin features will also be
eliminated. However, that is not normally an issue as thin areas of graphene

25  (should the thin feature really represent this) is not normally of interest for
further processing.

Figures 7 and 9 show the images of Figures 6 and 8, respectively, after
application of erosion followed by dilation and an area of graphene can
30 clearly be seen and has been efficiently identified as such.

The procedure might end now. However, in some embodiments, further
functions may (optionally) be applied as in step 309 depending on the use
thereof. These functions may e.g. comprise applying an appropriate edge-or

35 contour detection algorithm, e.g. enabling more quantitative information
about a given area of graphene to be derived.
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When the contour/all the edges of a given graphene area has been
determined, it is simple to calculate one or more parameters like area,
perimeter, circularity, pseudo-length, pseudo-width, etc. Circularity

5  represents the ratio of actual perimeter to that of a circle with the same area.
Pseudo-length is the length of a rectangle with the given area and perimeter
while the pseudo-width is pseudo-length divided by the area.

Such parameters may be useful in characterising the graphene areas.

10  Especially area and circularity may be important parameters or constraints
for detection of suitable graphene areas e.g. for use to be post-processed
with E-beam lithography for Hall-bar devices requiring a certain length and
width or for other uses.

15 A location of a graphene area on the substrate or wafer may be determined
using the index marks of the image. This location information may e.g.
(together with other relevant parameters) be used in a CAD program or
similar enabling automatic optimised placement of devices in the identified
graphene areas. This could include the identification of position and/or

20  orientation of individual domains of graphene grown on Cu, Ni, SiC, Ru, Ir
and similar materials before or after transfer processes and processing.

Figure 10 shows the end result of processing the image of Figure 1 showing
both identified single- and bi-layer graphene.

By optional steps is to be understood that they need not be present, even
though they can be, in the procedure performing the identification, as
opposed to being present but not invoked.

30  After one image has been processed and one or more e.qg. differently layered
graphene areas has/have been identified, the method may loop back to step
301 or 302 and process another image if applicable. This may e.g. be
continued until all images of a wafer or similar has been processed and can
also continue for more wafers.
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It is to be understood that the execution order of steps 304 and 305 e.g. may
be switched or even done in parallel. As another alternative, step 302 may be
done after step 303.

5  Figure 3 schematically illustrates a graph of pixel histograms of each colour
component obtained for an area around the single- and bi-layer graphene in
Figure 1 to make the information more clear. Alternatively, they may be
derived for the entire image. Shown is a pixel histogram for each of the
colour components R (401), G (402), and B (403). The rightmost dashed line

10 is for the background colour, the middle dashed line is for single-layer
graphene, while the left dashed line is for bi-layer graphene.

Figure 4 schematically illustrates the image of Figure 1 after (optional) image
processing removing so-called salt-and-pepper noise without blurring edges
15 inthe image. Shown is a processed digital image 100.

Figures 5a — 5f schematically illustrate the effect of (optional) additional
image processing of the image of Figure 1.

20  Figures 5a - 5c¢ illustrate the effect of applying dilation three times (one
application per Figure).

Figures 5d - 5f illustrate the effect of applying erosion three times (one
application per Figure).

Figure 6 schematically illustrates the image of Figure 1 after single-layer
graphene has been identified and non-graphene has been removed with
some artefacts and noise still present.

30  Figure 7 schematically illustrates Figure 6 after some additional image
processing removing noise and/or artefacts.

Figure 8 schematically illustrates the image of Figure 1 after bi-layer
graphene has been identified and non-graphene has been removed.
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Figure 9 schematically illustrates Figure 8 after some additional image
processing removing noise and/or artefacts.

Figure 10 schematically illustrates the end result of processing the image of
5  Figure 1 showing both identified single- and bi-layer graphene.

The contents and actions of Figures 4 — 10 have been explained in more
detail in connection with the flow chart of Figure 2.

10  Figure 11 schematically illustrates one embodiment of a system for automatic
identification of a digital representation of single-, bi-, and/or few-layer thin-
film material, e.g. graphene, in a digital image. Shown is a system 200
comprising at least one processing unit 201 connected via one or more
communications and/or data buses 202 to a memory and/or storage 203,

15  optional communications elements 204 e.g. for communicating via a network,
the Internet, a Wi-Fi connection, and/or the like, and an (optional) display
205.

The system 200 may be a more or less standard computational system, like
20 a PC, laptop, tablet, etc. or any other appropriate system suitably

programmed to carry out the method or procedure as described in the

various embodiments throughout the specification and variations thereof.

The system 200 optionally also comprises an image capturing device 206 for
25  obtaining images like the one shown in Figure 1. Alternatively, such an image

may simply be provided to the system 200.

In the claims, any reference signs placed between parentheses shall not be

constructed as limiting the claim. The word "comprising" does not exclude the

presence of elements or steps other than those listed in a claim. The word
30 "a"or "an" preceding an element does not exclude the presence of a plurality

of such elements.

The mere fact that certain measures are recited in mutually different
dependent claims does not indicate that a combination of these measures
35  cannot be used to advantage.
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It will be apparent to a person skilled in the art that the various embodiments
of the invention as disclosed and/or elements thereof can be combined
without departing from the scope of the invention.

125 APPENDIX D. PATENTS



D.1. AUTOMATIC IDENTIFICATION OF SINGLE- AND/OR
FEW-LAYER THIN-FILM MATERIAL

[xe]
[ae]

Patent Claims:
1. A method of automatically identifying one or more digital representations of
single- (101) and/or few-layer (102) thin-film material in a digital image (100),
5 the digital image (100) having a predetermined number of colour
components, and the method comprising
— determining (304) a background colour component of the digital image
(100) for each colour component, and
— determining or estimating (306) a colour component of thin-film
10 material to be identified in the digital image (100) for each colour
component, the thin-film material to be identified having a given
number of layers being at least one,
wherein determining or estimating (306) a colour component of thin-film
material to be identified in the digital image (100) for each colour component
15  comprises
— obtaining a pre-determined contrast value for each colour component
and determining or estimating the colour component of the thin-fim
material to be identified and having the given number of layers for
each colour component by, for each colour component, multiplying a
20 numerical difference between the pre-determined contrast value for a
given colour component and about 1 with the background colour
component for the given colour component,
and wherein the method further comprises
— identifying (307) one or more digital representations of single- (101)
25 and/or few-layer (102) thin-film material as points or parts of the digital
image (100) that, for each colour component, has a colour component
being within a predetermined range of the determined or estimated
colour component of the thin-film material to be identified having the
given number of layers.

2. The method according to claim 1, wherein the thin-film material is
graphene.

3. The method according to claim 1, wherein the thin-film material is any one
35  selected from the group of
— molybdenum disulphide,
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W

— hexagonal boron nitride,
— SbgTes,
— MoTes,,
- WS,
5 - MoSes,,
- TaSes,
- BigTe3,
— NbSe,, and
- NiTes.
10
4. The method according to any one of claims 1 — 3, wherein
— the digital image (100) is a grey-scale image or is converted into a
grey-scale image and the number of colour components is one, or
— the digital image (100) is a colour image and the number of colour
15 components is three or more.

5. The method according to any one of claims 1 — 4, the method comprises
identification of one or more digital representations of single- (101) and/or
few-layer (102) thin-film material in a series of digital images (100), wherein
20 — determining (304) a background colour component of the digital image
(100) for each colour component, and/or
— determining or estimating (306) a colour component of thin-film
material to be identified in the digital image (100) for each colour
component,
25 is done for each digital image of the series or is done once where the
determination(s) are used for later digital images of the series.

6. The method according to any one of claims 1 — 5, wherein the thin-film
material of the digital image (100) was located on a given substrate, having a
30  predetermined thickness, when the digital image was captured and wherein
determining (304) a background colour component of the digital image (100)
for each colour component comprises

— providing predetermined information of an approximate range of a
background colour component for each colour component as a

35 function of the particular type and a thickness of the given substrate.
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7. The method according to any one of claims 1 — 6, wherein the method
further comprises
— applying a filter (302), e.g. a median filter, to the digital image (100) to
remove high-frequency noise and/or salt-and-pepper noise before
5 determining (304) a background colour component of the digital image
(100) for each colour component,
— applying (303) one or more dilation steps followed by one or more
erosion steps in order to improve the quality of the digital image (100)
for identification of thin-film material,

10 — applying a threshold (307) where all pixels of the digital image (100)
are discarded except those pixels that have, for each colour
component, a colour component being within a second predetermined
range of the determined or estimated colour component of the thin-fim
material to be identified having the given number of layers, and/or

15 — detecting edges or a contour (309) of at least one part of the digital
image (100) that has been identified to be one or more digital
representations of single- (101) and/or few-layer (102) thin-film
material.

20 8. A system (200) for automatic identification of one or more digital
representations of single- (101) and/or few-layer (102) thin-film material in a
digital image (100), the digital image (100) having a predetermined number of
colour components, wherein the system comprises one or more processing
units (201) adapted to

25 — determine a background colour component of the digital image (100)

for each colour component, and

— determine or estimate a colour component of thin-film material to be
identified in the digital image (100) for each colour component, the
thin-film material to be identified having a given number of layers

30 being at least one,
wherein one or more processing units (201) is adapted to determine or
estimate a colour component of thin-film material to be identified in the digital
image (100) for each colour companent by

— obtaining a pre-determined contrast value for each colour component

35 and determining or estimating the colour component of the thin-fim

material to be identified and having the given number of layers for
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each colour component by, for each colour component, multiplying a
numerical difference between the pre-determined contrast value for a
given colour component and about 1 with the background colour
component for the given colour component,
5 and wherein the one or more processing units (201) is further adapted to
— identify one or more digital representations of single- (101) and/or few-
layer (102) thin-film material as points or parts of the digital image
(100) that, for each colour component, has a colour component being
within a predetermined range of the determined or estimated colour
10 component of the thin-film material to be identified having the given
number of layers.

9. The system according to claim 8, wherein the thin-film material is
graphene.
15
10. The system according to claim 8, wherein the thin-film material is any one
selected from the group of
— molybdenum disulphide,
— hexagonal boron nitride,
20 — SbhoTes,
- MoTe,,
- WS,
- MoSes,
- TaSe,,
25 — Bi2Tes,
— NbSe,, and
— NiTes.

11. The system according to any one of claims 8 — 10, wherein
30 — the digital image (100) is a grey-scale image or is converted into a
grey-scale image and the number of colour components is one, or
— the digital image (100) is a colour image and the number of colour
components is three or more.
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12. The system according to any one of claims 8 — 11, wherein the system is
adapted to identify one or more digital representations of single- (101) and/or
few-layer (102) thin-film material in a series of digital images (100), wherein
— determining a background colour component of the digital image (100)
5 for each colour component, and/or
— determining or estimating a colour component of thin-film material to
be identified in the digital image (100) for each colour component,
is done for each digital image of the series or is done once where the
determination(s) are used for later digital images of the series.
10
13. The system according to any one of claims 8 — 12, wherein the thin-film
material of the digital image (100) was located on a given substrate, having a
predetermined thickness, when the digital image was captured and wherein
the one or more processing units (201) is adapted to determine a background
15  colour component of the digital image (100) for each colour component by
— providing predetermined information of an approximate range of a
background colour component for each colour component as a
function of the particular type and a thickness of the given substrate.

20  14. The system according to any one of claims 8 — 13, wherein the one or
more processing units (201) is further adapted to

— apply a filter, e.g. a median filter, to the digital image (100) to remove
high-frequency noise and/or salt-and-pepper noise before determining
a background colour component of the digital image (100) for each

25 colour component,

— apply one or more dilation steps followed by one or more erosion
steps in order to improve the quality of the digital image (100) for
identification of thin-film material,

— apply a threshold where all pixels of the digital image (100) are

30 discarded except those pixels that have, for each colour component, a
colour component being within a second predetermined range of the
determined or estimated colour component of the thin-film material to
be identified having the given number of layers, and/or

— detect edges or a contour of at least one part of the digital image (100)

35 that has been identified to be one or more digital representations of
single- (101) and/or few-layer (102) thin-film material.
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ABSTRACT

This invention relates to a system for and a method of automatically
identifying one or more digital representations of single- (101) and/or few-
layer (102) thin-film material in a digital image (100), the digital image (100)

5 having a predetermined number of colour components, and the method
comprising
— determining (304) a background colour component of the digital image
(100) for each colour component, and
— determining or estimating (306) a colour component of thin-film
10 material to be identified in the digital image (100) for each colour
component, the thin-film material to be identified having a given
number of layers being at least one,
wherein determining or estimating (306) a colour component of thin-film
material to be identified in the digital image (100) for each colour component

15  comprises

— obtaining a pre-determined contrast value (Cg; Cg; Cg) for each colour
component and determining or estimating the colour component of the
thin-film material to be identified and having the given number of
layers for each colour component by, for each colour component,

20 multiplying a numerical difference between the pre-determined

contrast value (Cg; Cg; Cg) for a given colour component and about 1
with the background colour component for the given colour
component,

25 In this way, robust and reliable identification of layered thin-film material in a
digital image is provided since identification is made based on the actual
colour of the background and then the actual colour of the thin-film material is
derived using information about contrasts.

30  Figure 2 is to be published.
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Figure 4
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