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Abstract

Investigation of the Grain Boundary Effect on the Electrical

Property of Graphene

Ki-Ju Kim
Department of Materials Science and Engineering
The Graduate School

Seoul National University

Graphene is two-dimensional (2D) material showing outstanding electrical,
mechanical, optical property, which opens the 2D material research field. However, most
promising properties is from the single crystal graphene which only can collect dozens of
um size. To synthesize wafer scale graphene chemical exfoliation, selective sublimation of
Si from SiC, and CVD process were proposed, CVD is the one of the most promising
method because of its unlimited scalability and high quality. The CVD grown graphene,
however, does not showing remarkable property as single crystal graphene for several
reason. Therefore, massive efforts and studies were conducted to increase electrical
property of graphene.

Chapters 1 and 2 are the introductory sections. In Chapter 1, basic property and
synthesis method for graphene is placed. In chapter 2, the electrical limiting factors will
be described, the bulk resistivity of graphene, substrate scattering, grain boundary
scattering and other scattering factors. Then, the current approaches to overcome the limits
and to enhancing electrical property of graphene will be summarized. Among them, doping
and enlarging grain size emphasized as a major electrical property enhancing methods.

Chapter 3 is the preparation part of chapter 4, synthesizing various size of graphene
to study grain boundary effect. The basis theory for CVD growth is studied and reducing
carbon source supply enlarging grain size of graphene was achieved. During optimizing
experimental condition, the electropolishing process and two-step growth process were
proposed, to prevent heterogeneous nucleation and unfilled gap problem because of low
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carbon source supply.

In chapter 4, one of the two main part on this study, grain size dependence on
electrical property of undoped/doped graphene is evaluated. The sheet resistance is
reduced as the grain size increased since the carrier mobility enhanced, regardless of
undoping/doping. Further analysis conducted by ohmic scaling model, it shows that 17 um
size of graphene has 20 % of grain boundary sheet resistance. Another model, Mayadas-
Shatzkes model, also applied on graphene, the resultant shows 0.97 of reflection coefficient,
much large than other metals. In both model studies, grain boundary is considerably act as
strong scattering center and controlling grain size turned out to be very important. The
doping process also applied on various size of graphene and the similar result was observed
form both models, considering grain boundary, the noticeable presumptive fact revealed
that the doping efficiency is higher on the grain boundary of graphene. The conjugated
experiment of doping and enlarging grain size shows that at small grain size i.g., 1 um,
grain size effect is too strong, even doping process applied about 1000 ohm/sq can be
achieved, however, more than 10 um of grain size, doping process becomes more effect
than enlarging grain size. Therefore, it was confirmed that the most efficient way for
enhancing electrical property of graphene is growing over 10 um size of graphene and
conducting doping process.

In Chapter 5 grain boundary effect on doping is further studied by employing Ru ALD
on graphene. By the selective Ru deposition on grain boundary of graphene 180 ohm/sq at
20 cycle, 125 ohm/sq at 50 cycle is achieved. The control experiment, Ru evaporation is
conducted to compare the doping effect with Ru ALD. The result shows that doping is
occurred more efficiently on grain boundary of graphene.

To conclude, the characteristic of graphene grain boundary on electrical property
massively performed in this study. The grain boundary is revealed to the high impact on
electrical property of graphene. Interestingly, the grain boundary acts as scattering center
for carrier transport, however, it also acts as aa efficient doping site for doping process. In
this study, the basics of the grain boundary property on undoped/doped graphene is
established and expected to the fundamentals for the grain boundary involving electrical
property researches.

Key words: graphene, CVD, grain boundary, doping, atomic layer deposition, sheet
resistance, enhancing electrical property.

Student number: 2011-20622
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CHAPTER 1.

Introduction



1.1. The fundamentals of graphene

Graphene has been known after since the invention of X-ray crystallography and the
thin graphite samples with a few graphene layers were observed by Transmission Electron
Microscopy (TEM) in 1948!, but the term ‘graphene’ first appeared in 1987 in order to
describe a monolayer graphite 2. The theoretical studies of graphene initiated from 1947
as a starting point of exploration for 3D graphite electrical property *. From 1990 to 2004,
hundreds of researchers tried to produce a single layer graphene by mechanical and
chemical exfoliation, however, normally 50~100 layers of graphene were produced * °. In
2004, A. Geim and K. Novoselov successfully extract a single layer graphene from the
highly oriented pyrolytic graphite (HOPG) and characterize ballistic transport in graphene
system using mechanical cleavage, so-called Scotch tape technique, winning the Nobel
Prize in Physics in 2010 as a “For groundbreaking experiments regarding the two-
dimensional material graphene”. Since 2004, in many different subfields, numerous
researches were performed to reveal exceptional properties of graphene ©.

Graphene is a representative 2-dimensional material with a honeycomb structure, which

have a hexagonal Bravias lattice in 2D space containing two carbon atoms in unit cell as
S . . 3 1 3 1
shown in Figure 1-1. (with the unit cell vector a1=(§ a,;a) , a2=(§ a, —Ea)) Here,

bonding length between carbon atoms are 0.142 nm. This short bonding length is
originated from strong sp2 hybridized covalent bonding nature of graphene. Carbon has 4
out-shell electrons, and electrons in three out-shell which parallel to basal plane of

graphene involve in sp2 bonding, 2s, 2p, and 2p, orbital form sp2 hybridized orbital



bonding with three nearby carbon atoms.” The remained electron occupies 2p. orbital
which perpendicular to basal plane of graphene. And these orbitals hybridize and from two
half-filled bands of free electrons, ™ and ", which is the origin of the unique electrical

properties of graphene.’



Y 0.142 nm .
+——
Ba1

Figure 1-1. The unit cell of graphene and unit vector.
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1.2. Electrical property of graphene

From the unique m and m* originated by 2p., various electrical property is shown in
graphene. The conventional tight-binding model the dispersion relationship in graphene

can be expressed as follows, 519

E(ky, ky) = iyojl + 4c052%akx + 4cos%akx . cos?aky
k is the wave vector and a is the lattice constant about 2.46 A. And following band
structure is in the Figure 1-2.® As it can be seen in Figure 1-2, m and " band are not
interacting with each other, two bands touches six points, Dirac point. The symmetry from
the Dirac point enable zero-gap semiconductor property, in pure, free-standing graphene,
electrons and holes have same property theoretically. The experimental result of single
crystal graphene is first made on 2004,° shows massless electron property of graphene, the
highest mobility measurement is reported on 2008,!' 230,000 cm?*/Vs with ~2x10"! /cm?
of carrier concentration with ~135 ohm/sq of sheet resistance. In this experiment, to
remove all possible mobility scattering factors, graphene was synthesized on mechanical
cleavage method on suspended form as Figure 1-3, the current annealing procedure was
conducted before mobility measurement to remove possible contamination on single
crystal graphene.!! The electrical property of ideal graphene will be further discussed in

chapter 2.



Figure 1-2. The 3D band diagram of structure of graphene.
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Figure 1-3. The structure of suspended graphene on SiO; substrate and SEM image.
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1.3. Synthesis method of graphene for wafer scale

Lots of outstanding and unique properties of graphene are, however, mainly observed in
single crystal graphene which collected from mechanical cleavage method. The basic
concept of mechanical cleavage method is extracting graphene from graphite, which also
called as Scotch tape method. The process is very simple. Firstly, tape Highly ordered
pyrolytic graphite (HOPG) and stick it to arbitrary substrate such as SiO,/Si and just peel
it. Then this process breaks Van der Waals forces separating graphene layers approximately
half of its layer. And by continuing this process, single-layered graphene is collected on
substrate. With this method, a lot of remarkable properties of graphene were measured and
reported, however, this mechanical exfoliation method has neither high throughput nor
high yield, only few um scales of single crystal graphene is collected. To apply graphene
into industrial purpose, the needs of wafer scale graphene synthesis method arise, and 3
synthesis methods are dominantly researched.

The one is liquid-phase exfoliation of graphite. Liquid-phase exfoliation is a widely used
method to make colloidal dispersions of graphene in a variety of solvents. The utilization
of surface-active organic liquids is the key of this process. And it should be noted that this
approach has manifested itself quite well in the resolution of the issue related to the
separation of carbon nanotubes®?, which are usually produced in the form of closely packed
bundles requiring further separation. Simply, typical procedure of the method involves
exposure of graphite or graphite oxide powders to particular solvents, and then exposing
the solutions to sonication®. First, Graphite or Graphite Oxide power is exposed to solvent.

As a layered structure of graphite permits atoms or molecules of various kinds to penetrate
8



into the interlayer space of crystalline graphite, there is an enhancement of the interlayer
distance and correspondingly lowering the energy of interaction between the interlayers??.
Then, the separation of graphite layers becomes possible by prolonged sonication or/and
centrifugation. As a result, the formation of a suspension containing suspended single-
layer graphene sheets and few-layer graphene samples can be obtained and this process is
well illustrated in Figure 1-4. Normally, reduction of these sheets is required to remove
remained functional groups on the sheets in order to prevent this functionalization to
disrupting the electronic structure of graphene!. This method has a great advantage of high
production. However, the main drawback is the probable existence of defects, coming from
incomplete graphite oxide reduction or shortened flakes when using sonication®®.
Therefore, most of studies relating this method are basically focusing on finding better
stating graphite sources and dispersible solvents which is shown in Table 1-1.

Another way to manufacture graphene is by using Silicon Carbide. The general idea is by

heating silicon carbide (SiC) at high enough temperature (>10007C) and selectively

sublimated silicon atoms to reduce graphene as in Figure 1-5. The growth of graphene on
SiC surface is highly dependent on which SiC face is used. SiC grows in cubic and number
of hexagonal polytypes but graphene growth is only available in hexagonal 6H and 4H
surfaces. Both SiC and graphene have similar lattice structure where this led to nearly
commensurate structure with the SiC (0001) and (000-1) surfaces. The formation of
structure is strongly depended on the specific SiC polar face chosen for growth along with
other experimental conditions. Hence, two polar faces of SiC (0001), Si-face with one
dangling Si-bond/Si atom, and SiC (000-1), C-face with one dangling bond per C atom,

which are the surface for graphene growth to occur. However, Si-face (0001) is much

9



slower than C-face'® due to the bonding between Si and C atoms with graphene bonding
are hybridized into a sp” configuration'”. Hence, both of faces can achieve graphene growth
but the structures of graphene on these two polar faces will be different. Additionally, Si-
face graphene is epitaxial with an orientational phase rotated 30° relative to the SiC while
C-face films can have multiple orientational phases. Because of the orientational disorder
in C-face grown graphene, most structural, growth and electronic studies of epitaxial
graphene focused on Si-face graphene and Si-face graphene growth is concentrated!”. Prior
to graphene growth to occur, pre-treatment is required in order to form desire surface area
for graphene to growth i.e., (0001) and (000-1). SiC is usually etched with hydrogen in a
furnace in order to remove any scratches from polishing as well as re-ordering its structure
for desired surface. When H» etching is finished, there might be some oxides formed in the
surface. Hence, the sample is re-heated in the presence of a Si flux to remove any oxides
that have formed while preserving the surface chemical stoichiometry'®. This is not
graphene yet but it is SiC buffer layer which is the precursor structure before the formation

of graphene. Reducing SiC buffer layer by heating to higher temperature (1250-1350C)

in ultra-high vacuum (UHV) will produce graphene®'. The graphene formed on Si-face
grows epitaxially, rotated at about 30° from SiC substrate. The advantage of this technique
is that the epitaxial graphene growth is robust and large grain size can be achieved due to
single crystal of SiC for any laboratorial researches but cannot be batch produced as well
as the cost of process is very high due to its usage of ultra-high vacuum and temperature.
Hence, this method is good for laboratorial research works but poor to commercialize.
Graphene can be grown on metal catalysts by CVD (Chemical Vapor Deposition) process.

Growing process itself is very similar but distinctive compared with typical CVD process

10



in the sense of segregation. The Typical growing process of CVD growth of graphene is
illustrated in Figure 1-6. When methane gas flowed on Ni surface, it will be decomposed
to active carbon, C or CHyx at about 1000°C. (High temperature is required for
decomposition of methane gas, relatively stable molecule) Then carbon will diffuse into
Ni because of its carbon solubility. At high temperature, active carbons will migrate and
form graphene nuclei on Ni surface with carbon solved inside of Ni. While cooling,
solubility of Ni is decreased, therefore carbon diffuse out to Ni-Ni interstitials which have
crystalline geometry, hexagonal in the case of FCC (111) face 2. But graphene is not only
growing on the metal surface which has ‘hexagonal surface orientation’. Rather, graphene
grows at the surface which has ‘crystalline orientation’. In short, graphene is formed on
the surface and segregated from dissolved carbon in metal at the same time. So, depending
on solubility of metal, layer thickness of graphene is determined 2*-%3. However, graphene
growth process on Cu metal has very low carbon solubility. From low carbon solubility,
carbon atoms won’t diffuse into cu metal, therefore, in this case, carbon source
decomposed into active carbon atom such as carbon monomer and nucleation and growth
process proceed by surface diffusion of active carbon atoms. (as shown in Figure 1-7) In
result, single layer of graphene grows dominantly unlike Ni%,

These CVD grown graphene is one of promising candidate of industrial application.
Process is very simple and controlling layer thickness or large area production are possible.
In 2010, 30-inch size of graphene is fabricated by CVD process using Cu foil, and has
succeeded in making display panel 2’. Sometimes, transfer technique is needed after CVD
growth method because graphene grew on metal surface. Typically, wet-transfer process is
employed in most of laboratory. Wet-transfer process consists of few steps. Firstly,
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adhesive polymer material, such as PMMA, is coated on graphene. Secondly, Cu foil is
etched away by etchant. Then polymer coated graphene will float on etchant surface.
Finally, after being scooped out, remaining polymer materials were removed>. (See Figure
1-8) This wet-transfer process is very handy and also generate additional defect such as
cleavage or residue of polymer which degrade graphene quality 2 2°.

The basic properties of various graphene synthesis method were summarized in Table 1-
2. All of the graphene synthesis method has its own advantage, for instance, liquid-phase
exfoliation method is most proper for mass production, and graphene synthesis using SiC
produce most high-quality graphene. However, among these various graphene synthesis
methods, CVD growth has almost unlimited scalability, (scale of produced graphene is

limited by metal catalyst size) and produce high quality of graphene and therefore,

intensively researched as one of the best graphene synthesis methods.
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Figure 1-4. General process of obtain graphene by liquid phase exfoliation of graphite '°.
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Starting Concentration Thickness

# Dispersible solvents Lateral size
materials (mg/ml) (nm)
1 GO/MH Water 1 - -7
GO/MH DME, NMP, DMSO,
2 1 ~ 560 nm 1
HMPA
GO/O DMF, THF, CCly,
3 0.5 - 0.5~2.5
DCE
4 GIC NMP 0.15 Hundreds nm 0.35
5 EG Water, DMF, DMSO 0.015~0.020 Hundreds nm  2~3 layer

Table 1-1. Chemical approaches to make chemically modified graphene sheets .

Note. GO (graphite oxide), MH (modified Hummers method), O(their own method), GIC
(graphite intercalation compound), EG (expandable graphite), DMF (dimethylformamide),
NMP (N-methylpyrrolidone), DMSO (dimethylsulphoxide), HMPA

(hexamethylphosphoramide), THF (tetrahydrofuran), DCE (1,2-dicholoroethane)
14
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Figure 1-5. Epitaxial growth of graphene form SiC'”.
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Figure 1-7. Graphene growth on Cu.

17

FUL MATICMAL LINMVERSTY



Graphene on Cu foil
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Figure 1-8. Wet-transfer process.
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Selective Si

Mechanical Liquid-phase
Properties sublimation of CVD
cleavage exfoliation
SiC
Scalability Few um Unlimited SiC wafer scale ~ Metal catalyst scale

Graphene size

Quality

Cost

Transfer simplicity

(industrial point of view)

Single crystal

Highest

Very small ( ~nm)
Low

Cheap

Easy

Large
High

Expensive

Hard

~sub cm
High

Cheap

Easy

Table 1-2. Comparison of graphene synthesis method.
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CHAPTER 2.

Limiting factors in CVD graphene growth
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2.1. Electrical property of CVD graphene

As reviewed in chapter 1, electrical property of CVD graphene show better quality
comparing with other graphene synthesis methods, however, still it is hard to meet the
electrical property from single crystal graphene which collected from mechanical cleavage
method. To identify electrical property of CVD graphene, about 150 graphene sample were
prepared by Low Pressure CVD (LPCVD) process having ~50 um of grain size. After
LPCVD growth, samples were transferred to 285 nm SiO,/Si substrate with 1 square
centimeter size and Au/Ti contact pad was deposited on each corner to make Van der Pauw
structure. Hall measurement were conducted to estimated electrical property of LPCVD
graphene. The histogram for electrical property of CVD graphene is shown in Figure 2-1.
The average Rs of CVD graphene show 509+133 ohm/sq, and carrier concentration and
carrier mobility show 1.70 X 10'34+0.62 x 10'* /ecm?, 862 +354 c¢m?/Vs, respectively.
Considering single crystal graphene show 200,000 cm?/Vs of mobility and ~2x10'"" /cm?
of carrier concentration, with the ~150 ohm/sq of Ri!, CVD graphene has degraded
electrical property compare to single crystal graphene. even though carrier concentration
increased from 2 orders higher, the drastic mobility decrease give rise the Ry of CVD
graphene. Besides CVD graphene from our lab, the 16 reported electrical property of CVD
graphene were summarized in Figure 2-2.>'7 In measurement of electrical property of
graphene, the sample size could be key issue in showing its electrical property, i.e.,
measuring R of few um of graphene are not large enough to estimate CVD graphene which
has few ~ dozens of grain size, and the grain boundary effect on R possibly does not show

in result because of the its measurement scale. Therefore, for reliability of electrical
25



property of CVD graphene, relatively large sample measured articles are selected for
representative CVD graphene. As it can be shown in Figure 2-2, the average R of CVD

graphene show 536+334 ohm/sq which is similar to our average R value.
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Figure 2-1. Electrical property of CVD graphene grown in Nano Fabrication laboratory.
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Figure 2-2. Electrical property of reported CVD graphene.
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2.2. Limiting factors in CVD growth graphene

So far, the origin for degradation of electrical property in CVD graphene is not
systematically established by numerical formula, some factors such as substrate, grain
boundary and defects, are intensively studied and confirmed as scattering factor in CVD
graphene. Therefore, according to so far reported degradation factors on CVD graphene,
electrical property of graphene can be divided into 4 terms as follows

Rs = R* + R$“P + REB + RE'

Here, Ry is total sheet resistance of graphene, REZWF

is bulk sheet resistance of graphene
which from the lattice phonon scattering of graphene lattice, RS¥? is the sheet resistance

from substrate scattering, RSZ is sheet resistance from graphene grain boundary, and

other factors which raise sheet resistance of graphene express as REC.

2.2.1. Lattice phonon scattering

Lots of electrical property of behavior of graphene is similar to that of metal electrical
property, therefore, understanding electrical property of metal is beneficial to
understanding electrical behavior of graphene. For instance, the temperature dependence
of the bulk resistivity of metal are originated by electron and lattice phonon scattering

mechanism, and known to follow Bloch-Griineisen model'.

GR/T tn

P = A%)f @-Da-e"

Here, p is resistivity of metal, T is temperature, 8z is Bloch-Griineisen temperature

which is very closely matches the value of Debye temperature. According to Bloch-
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Griineisen model, resistivity of metal has different temperature dependence on the basis of
electron and phonon momentum. At low-enough temperature, T < 65, where the electron
momentum which lies on Fermi surface with the value of #ikg, higher than lattice thermal
phonon, kgT/vs, then, the electron only scatters in small angle and resistance of metal (R)
proportional to T3, Rex T>. (v is sound velocity) On the other hand, if temperature is high-
enough and lattice thermal phonon interact with electron strongly, and the electron
experience large angle scattering events and resistance of metal proportional to
temperature, R RxXT. At certain temperature, the momentum of electron and lattice phonon
are coherent and this temperature is called Bloch-Griineisen temperature as illustrated in
Figure 2-3 and Figure 2-4. Graphene is also known to follows Bloch-Griineisen model'®
2! like normal metal, and the Bloch-Griineisen temperature of graphene is calculated as 8
K and above ~20 K, resistivity of graphene shows linear temperature dependency
according to the numerical calculation.?’ Above 20 K, the resistivity of graphene is

21-23

determined by longitudinal acoustic (LA) phonon scattering,*' "> and independent of carrier

density as follows,*
p(V5,T) = po (V) + pa(T)

) = (h) w2D2kyT
Pall) = o2 2h2p w2 Vi

where, p, is residual resistivity of graphene, p, is the resisvity due to the LA phonon
scattering, V, is gate voltage, kp is Boltzman constant, p; is 2-D mass density of
graphene, 7.6x107 kg/m?, v is the Fermi velocity and D is the acoustic deformation
potential. Except the V and T, other parameters are constant, resistivity of graphene shows
linear temperature dependency. The experimental value for resistivity of graphene is in

30



Figure 2-5 by fabricating field effect (FE) device on the single crystal graphene transferred
on SiO2 substrate. To collect temperature dependence of graphene resistivity in the point
of phonon scattering, measurement was performed in ultrahigh vacuum (UHV) to
minimize molecular adsorption and desorption. other scattering factors should be
removed.” In Figure 2-5, until 100 ~ 150 K, experimental data and the equation of LA
phonon scattering of graphene is well matched, however, above certain temperature (i.g.,
>150 K), resistivity of graphene is higher than numerical calculation because of the
substrate scattering. In FE device, graphene has different electrical property from each
applied gate voltage, since carrier concentration of graphene is proportional to applied gate,
ng = ¢4V, /e, ng is sheet carrier density of graphene, and ¢, is gate capacitance with
1.15%10"® F/cm?. Therefore, to compare electrical property of graphene, normally, ng is
set to ~ 102 /em?. At V, = 14V, ng is about 10'? /cm?, then expected carrier mobility of
graphene can be calculated from LA phonon scattering equation, then, the mobility p at
room temperature (RT) is 200,000 cm?/Vs. Therefore, considering LA phonon scattering

only, the sheet resistance of graphene at RT condition can be calculated as

1

Rbulk _ _
s ngqu [10'2 /cm?2]q[200000 cm?/Vs]

= 31 ohm/sq
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Figure 2-3. Illustration of electron and phonon scattering with small angle (Akg > kgT /vy)

and large angle (hkg < kgT /vy).
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Figure 2-4. Temperature dependence of metal electrical resistivity.
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2.2.2. Substrate scattering

In the graphene, above temperature 100~150 K, the temperature is high enough and the
carrier in graphene possibly interact with substrate surface. Within the few nm ranges, it is
known that the SiO, surface polar phonon can interact with surface material remotely?*,
the carriers in graphene inelastically interact to two strongest surface optical phonon modes
in Si0,*. (hw; =~ 59 meV, hw, =~ 155 meV)>:?® Since, the scattering occurs not in the
graphene itself but in between graphene and SiO» substrate remotely, it is called remote
interfacial phonon (RIP) scattering. Considering LA phonon scattering and RIP scattering,

the temperature dependence of graphene resistivity is as follows, %

p(Vy, T) = po(Vy) + pa(T) + ps(V,, T)

_ S1 S2
pBl(%'T) = BlVQ o (eh®1/k3T -1 - ehwa/kpT _ 1)

1
_ —a2
pBZ(Vq'T) =By (eEO/kBT _ 1)

Dg (I(g, T) is the resistivity of graphene expressing RIP considering two strongest SiO»
optical polar phonon as Bose-Einstein distribution (pg;), or a single Bose-Einstein
distribution. (pg,) Band a are global parameters having B1=0.607(h/e?) V¢!, a1 = 1.04,
B2=0.607(h/e2) V*2, a2=1.04, and s is scattering ratio in two strongest SiO optical polar
phonon with 1:6.5, Ey is fitted to 104 meV. The same experimental result in Figure 2-5
were fitted to LA phonon scattering and RIP scattering in Figure 2-6, here, even above
100~150 K of temperature, experimental resistivity of graphene is well fitted to numerical
calculation considering LA phonon and RIP scattering. At RT condition, the carrier

mobility shows 40,000 cm?/ Vs, therefore, R$“? can be calculated as,
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REulk 4 RSUD = 156 ohm/sq

R$¥P = 125 ohm/sq
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Figure 2-6. Temperature-dependent of graphene on SiO,. (a) and (b) show the resistivity

of the sample 1, and sample 2, respectively. The dash lines are fit to p, (I{g) + pa(T) +

pp1(Vy, T) and solid lines are fit to po(Vy) + pa(T) + pp2(Vy, T).2
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2.2.3. Grain boundary scattering

When graphene nuclei formed during CVD growth, each nucleus has random orientation.
After full growth of graphene, because grains have its own orientation, grain boundary is
formed between grains as illustrated in Figure 2-7.27 When the grain boundaries are
formed, because each nucleus has different orientation, grain boundaries cannot be in the
form of hexagonal ring, rather in the form of hepta-, penta-, and other polygon shape.
Graphene is bonded with sp2 covalent bonding, therefore when the grain boundaries are
formed, hexagonal form tend to form relatively stable hepta-, penta-bonding, having
Stone-Wales grain boundary. (See Figure 2-8)*® However, also voids, cracks and other
polygon shape also exist on graphene grain boundaries as it can be seen in Figure 2-9.%
Those graphene grain boundaries are considered to strong scattering center and one of the
main degradation factors of electrical property of graphene, intensive studies were

conducted by numerous researchers.?*34

For instance, in Figure 2-10, two hexagonal
grains formed single grain boundary and electrical measurement were conducted to
evaluated graphene grain boundary. According to this article, each grain has 550 (left grain)
and 550 Q (right grain) of resistance while 3000 () was measured from inter-grain
resistance measurement.?! In another reports, graphene with larger grain size shows more
reduced sheet resistance as shown in Figure 2-11,* since larger grain sized graphene has
less grain boundary scattering centers and accordingly larger grain sized graphene has
enhance carrier mobility as shown in Figure 2-12.%* As described above, numerous studies

for CVD graphene grain boundary proved that grain boundary acts as a scattering center

in electrical property of graphene, degrading its sheet resistance and carrier mobility.
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Copper Oxide

Figure 2-7. Schematic illustration of graphene growth on Cu by CVD. (a) Cu foil with
native copper oxide. (b) Initial stage of graphene growth, nucleus formed with random
position and orientation. (c) Fully covered graphene growth, with grain boundary

formation.
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Figure 2-8. Stone-Wales graphene grain boundary observed in high resolution
transmission electron microscopy (HR-TEM) image. Grains are mis-aligned with 27

degrees, and grain boundaries consist of penta- and heptagon.
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Figure 2-11. (a) The current measurement and (b) the histogram of sheet resistance of
graphene with two different grain size. Small domains have 50 um, and large domains has

2 mm size of graphene.
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Figure 2-12. Sheet resistance and carrier mobility of graphene with different grain size. In

the x-axis, grain size is 0.1, 1.2, 1.2, 4.5 um in sequence.
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2.2.4. Other scattering factors

Besides substrate, grain boundary scattering many other scattering factors can exist
during CVD growth such as impurity scattering and scattering by other defects. Also, CVD
graphene is originally grown on metal catalyst like Cu, as illustrated in Figure 2-7, to use
graphene as an electrode, transfer process to insulating substrate is required. But the
transfer process itself is very complex as Figure 1-8%. First, graphene grown on Cu foil is
spin coated by polymer material such as poly methyl methacrylate (PMMA) and floated
in Cu etchant solution. Because of lower density of PMMA (than Cu etchant) and surface
tension enable PMMA/graphene/Cu foil float on Cu etchant. After enough process time,
Cu foil etched away and only PMMA/graphene layer floated on Cu etchant. Then
PMMA /graphene layer scooped by SiO./Si substrate, and dry PMMA/graphene/SiO»/Si.
After dry enough, polymer material removed by acetone solution, transfer process is
completed. During transfer process, lots of unwanted damage can be generated during
transfer process such as cracks®® and residue of supporting polymer material®’, and these
factors are also act as electrical property degrading ingredient as shown in Figure 2-13.
Besides those cracks and residues, graphene layer is contaminated by impurities during
transfer process and atmospheric environment. And impurities are also one of the strong

scattering factors,*®4

o(n) = Ce

n | n _
Nimp > ump u
where, o is conductivity, C is constant, n is carrier concentration, nimp 1S concentration of

charge impurities and p is carrier mobility. The concentration of impurity inversely

proportional to its carrier mobility as shown in Figure 2-14, therefore adsorption of

45



charged impurities inevitably decreased mobility of graphene and degrade electrical
property. In addition to transfer and impurities, defects such as void during graphene
growth*! and wrinkles after transfer process also observed and possibly candidates for

lower quality of CVD graphene. (Figure 2-15)
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Figure 2-13. (a) optical microscopy image of CVD graphene after transfer process. Cracks
are additionally generated and observed after transfer.*® (b) TEM image of CVD graphene

after transfer process, and PMMA residue exist on graphene layer.*’
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Figure 2-14. 1/p vs time graph of K atom deposition in UHV system. As the time goes by,
K atoms deposited on graphene layer and the carrier mobility decreased with 5x10'%/V's

of C.38
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Figure 2-15. HR-TEM image of single void on graphene layer (upper image)*' and SEM
image of wrinkle in graphene layer. (downer image) Hexagonal dark image is additional

double layer of graphene in SEM.
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2.3. Approaches enhancing electrical property of CVD graphene

To overcome those electrically limiting factors in CVD graphene, many researches
performed in various limiting factors. In the case of RIP scattering (substrate scattering,
R5¥P), for example, the carrier mobility decreased from 200,000 cm?/Vs to 40,000 cm?/Vs
in the presence of SiO; substrate.! 2° When graphene is transfer to different substrate such
as hexagonal boron nitride (h-BN) or hexamethyl disilazane (HMDS), the carrier mobility
reported to have 15,000 ~ 20,000 cm?/Vs and 12,000 cm?/Vs, respectively. 4> Regarding
that the suspended graphene (without any substrate) shows 230,000 cm2/Vs!, existence of
substrate cause decrease in carrier mobility, however, choice of substrate could minimize
mobility degradation of graphene. Also, to reduce grain boundary scattering of graphene
(RSB), efforts to increase grain size of graphene was intensively studied. Finally, to
minimize damage from transfer process (RE¢“"), other transfer or clean transfer process was
developed!® 36 37.44.45 and direct graphene growth process which grow graphene directly
on substrate was also reported. 652

Among lots of efforts were made to overcome limiting factors, two distinguishable
method dominantly researched, doping and increase of graphene grain size. Graphene is
known to easily doped by electron transfer when it is contact with dopant. Dopant
molecular doping by dipping, spin-coating process or metal/metal oxide dopant deposition
enable doping of graphene, and a lot of articles report reduced sheet resistance of graphene
after doping process as summarized in Table 2-1.'%3->" Increase of grain size of graphene
was continuously reported since its first CVD growth on Cu foil on 2009 *® as shown in

Figure 2-16.3" %72 Recently, sub-centimeter scale of graphene growth is enabled by
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smoothing of prepared Cu foil surface and reducing carbon source supply.®% 64 ¢7-71.72 S

far, to minimize graphene grain boundary scattering, grain size is increased up to sub-
centimeter scale, and electrical property measurement also intensively studied as
summarized in Table 2-2. However, electrical property values in Table 2-2. are mainly
focused on mm scale of large grain itself, not on the graphene grain boundary, the portion
of graphene grain boundary is quite unknown. Few articles are reporting the sheet
resistance and other electrical properties in the sense of grain size of graphene,* * these
articles are usually having graphene grain size in very short ranges (i.g., from 1 um ~ 2
um). Therefore, to understand effect of graphene grain boundary, relatively large range of
grain size needs to analyze (at least few um ~ sub 100 um). The equation of total sheet
resistance of graphene as follows,

Rg = Rbwlk 4 Rsub 4 RGB 4 gete.

Rs = [R§*¥ + R$"P + RE™] + REE

Rs = R§ + R&®
Réqrain — [Rgulk + Rssub + REtC]

Rgg rain s divided into grain (R§) and grain boundary sheet resistance ( R$%). And various

grain sized graphene was synthesized in Chapter 3, further analysis of graphene grain

boundary effect was made in Chapter 4.
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Dopant Method Rs Ref.

HNO3 R2R-+dipping 125 [16]'
AgNO3 Dipping 202 [5717
AuCI3 Spin-coating 500 [54]%
MoO3 Film deposition ~600 [55,56]> 3¢
Ru ALD 125 [53]%

Table 2-1. The summary of graphene doping articles using various dopant and doping

method. R2R is roll to roll transfer process.
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Figure 2-16. The yearly reported CVD graphene grain size.
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Mobility

Grain size Rs Refer.
[em?/Vs]

2.3 mm 8600 363 (601
5 mm 11000 284 [64]%

2 mm 5200 - [62]%
1.2 mm 6500 - [611%
1.9 mm 2400 - [71]1"
10 mm 4300 - [63]%

Table 2-2. The summary of electrical property of mm size of graphene. The electrical

property was made on single grain of graphene.
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CHAPTER 3.

CVD graphene growth with different grain size
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3.1. Basic theory of CVD growth of graphene

As described in Figure 1-7, CVD graphene process consist of several steps, thermal
decomposition of carbon source, surface diffusion of active carbon atom (here, active
carbon atom assumed to carbon monomer for simplicity), and nucleation and growth
process. Each step is possible to explain classical growth kinetics model, however, steps
are inter-related to each other, resulting very complex CVD growth system. For example,
changing one growth parameter such as growth temperature effect on thermal
decomposition rate, number of stable nuclei, surface diffusion etc., but the only thing that
can be measured or observed is just graphene with certain nucleation density and grain
size. Therefore, numerous researches are focused on the changing growth parameters and
analysis the result as qualitative point of view. And each CVD growth step is analyzed by

numerical calculations.

Thermal decomposition of carbon sources

14 used as carbon sources.

In CVD graphene growth, various carbon-based molecules
Normally, study of graphene CVD growth focused on enlarging its grain size, increasing
surface diffusion length is critical because high enough surface diffusion length promote
growth process and prohibit nucleation process, consequently, high temperature CVD
growth is appropriate. However, higher the temperature, the thermal decomposition rate
also increased, then nucleation density can be increased resulting smaller graphene grain

size. Generally, it is easier to decompose when carbon molecules have additional CHy-

bonding,>* (it can be decomposed in lower temperature) therefore, the simplest form of

6 6



carbon, CH4, has lower decomposition rate than any other carbon-based molecules.
Consequently, CH4 is typically used in CVD growth of graphene. When CHys is used as

carbon source, the overall CVD graphene growth reaction is described as following

equation.
CHy - Cgrap/éene +2H,
Then, Gibbs free energy would be, (when a.=1)
acPi Pii
AG = AG® + RTIn——2 = AG® + RTIn—>~
Pcy, PcH,

The simple numerical calculation of thermodynamics (1 atm assumed) shows that overall
reaction starts to have negative AG at 600 °C. Even though the overall reaction is possible
at 600 °C thermodynamically, numerical calculation tells decomposition process of CHs4
imply lots of intermediate step and require more thermal energy to overcome activation
energy of each step as shown in Figure 3-1.° In experimentally, nucleation of graphene
appears at 700 °C with extremely low growth rate, at least 1000 °C is used for CVD
graphene growth in the presence of Cu metal catalyst.! Without Cu metal catalyst, about

1400 °C is required to decomposed and form graphene for CH, gas.®®

Surface diffusion

After CHs decomposed, carbon monomer generated (again, active carbon atoms such as
monomer, dimer, etc., all assumed to be in the form of monomer) active carbon atoms are
generated and the carbon monomer can be formed nuclei, be captured to nuclei (growth
process), or be desorb from Cu surface as Figure 3-2 (a) ? through surface diffusion. The
surface diffusion length X can be described as,'”
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X =./2Dg7g
The surface diffusion coefficient, Dg, and remaining time of survival on surface, g, are

given by

1 ) E;
Ds = anv exp (— ﬁ)

_ 1 Edes
B =Pkt

Then, X would be

Edes - Es)
2kT

X=ag exp(
Here, a, isthe atomic length, v is the vibrational frequency of the adatom on the surface,
E, is the activation energy for surface diffusion, E;.s is the required energy for
desorption of adatom. As described above equation surface diffusion length is the function
of growth temperature T, increasing growth temperature give a rise of surface diffusion
length. Generally, increased X promote nuclei formation process and growth process by
carbon monomer attachment, activation energy for nuclei formation is usually higher than

that of attachment energy, growth process becomes dominant in high temperature process

as Figure 3-2(b).> !

Nucleation and growth

The initial nucleation and growth process of graphene can be explained as following
simple step. After decomposition of CH4 gas molecules, carbon monomer generated and
accumulated in Cu surface as illustrated in Figure 3-3 graph.’ The concentration of carbon

monomer on Cu surface, Ccu,, would be increased as the times goes by, and when Cc,
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accumulated enough and supersaturated, graphene nuclei formed at critical carbon
monomer concentration, Cnye. Then, the carbon monomer is consumed for nucleation, and
its concentration drastically decreased. The carbon monomer is continuously provided by
thermal decomposition of CHa, however, it also consumed by nucleation, attachment to
existed nuclei and desorption, therefore, equilibrium state is formed by those processes
with the carbon concentration Ceq. After initial nucleation process, if the concentration of
carbon monomer is high enough to form further nuclei, Ccy > Cpue > Ceq, nucleation and
growth process occurs simultaneously resulting graphene relatively high nucleation
density. If the concentration of carbon is higher than that equilibrium but lower than Cy,
Chue > Ceu > Ceq, then nucleation is limited and growth process becomes dominant resulting
graphene with relatively lower nuclei density. On the other hand, if the concentration of
carbon monomer is extremely low, Ccu < Ceq, then the even growth process cannot be
proceeded and full coverage graphene growth is not enabled.’ The further explanation of

graphene growth kinetic would be expressed in chapter 3.2.

Cu metal catalyst

In CVD graphene growth, Cu known to act as two significant roles as a metal catalyst.
First, the Cu surface aid the dehydrogenation process of CH. The decomposition process
of CH4 gas has three intermediate states, methyl (CH3), methylene (CH»), methylidyne
(CH) as illustrated in Figure 3-1,° and the Cu surface, in the (111) plane for example, the
interstitial sites on Cu (111) surface capture dehydrogenated H atoms, lowering its
activation energy of each dehydrogenation step as illustrated in Figure 3-4.> Because the
Cu help the thermal decomposition process, growth temperature can be lowered to 1000

69



°C, !in the presence of Cu metal catalyst. Second, without Cu, graphene growth is enabled
in high temperature about 1400 °C,° the resulting quality of graphene is evidently lower

than that of the graphene synthesized by Cu metal catalyst,® ®

therefore, it is generally
accepted that the Cu surface also helps the crystallization process of graphene. The other
various metal such as Ni, Pt, Ru also known to act as metal catalyst for graphene growth,
these metals normally have carbon solubility resulting multilayer graphene and

uncontrolled grain size, therefore, the Cu becomes representative metal catalyst for CVD

graphene growth.

70



w
1

N
1

-
1

Relative Energy (eV)

o
1

N
Eo
n

ﬁ‘l ]'
w

CH#H  CH,#*2H

CH+3H

C+4H

Figure 3-1. Energy profile of dehydrogenation process of CH4 on (111), (100) Cu

surfaces.’

71

A& gk



—
Q
S—

1000 @50 800

Temperature (°C)

850 800 750

T T

10

Eyr=3eV

T T T

Ey=1evV =

desorption

nuclationl N
m—u-c@:
/ capture
|

Cu

Density of Nuclei (um?)

. P |

75x10*  8Ox10*  BS5x10°  9.0x10"  95x10°  1.0x107

T (KT

(b)
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Figure 3-4. The geometric structures of Cu (111) surface in dehydrogenation process of

CHs gas. 1.S. is the initial state, T.S. is the transitional state and F.S. is the final state.’
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3.2. CVD graphene growth

3.2.1. Growth parameter for enlarging grain size of graphene

According to the basic theory of CVD graphene growth, there are three growth
parameters that can enlarge the grain size of graphene (or lower its nucleation density).
First one is the lowering source carbon supply. As illustrated in Figure 3-3, nucleation is
proceeded when the concentration of carbon monomer supersaturated and reached critical
concentration, Cyy. In the solid thin film theory, for the condensation reaction vapor (v)

— solid (s), the chemical free energy per unit volume, AG,, given by '

where pj, is vapor pressure of solid, p,,, is the pressure of the supersaturated vapor, 0 is

the atomic volume. When the supersaturation ratio S, is defined by (p, — ps)/ps then,
kT
AG, = —Eln(l +5)

From above equation, lowering supersaturation ratio would limits nucleation of graphene
and lower final nucleation density of graphene. In Figure 3-5, CVD graphene growth is
performed with various CHy4 gas flow rate. The lowering source gas supply result in
significant decrease in nucleation density of graphene, linearly in logarithmic scale.'? The
Second growth parameter is the growth temperature, and according to the basic theory of
CVD graphene growth, there are two contradictorily result expected with increasing the
growth temperature. The Gibbs free energy for thermal decomposition and the number of

stable nuclei, n*, can be expressed in following equation,'® '3

75



. AG"

n = ngexp <— ﬁ)
Pi,
Pgm

AG = AG® + RTIn

If the growth temperature increased, the number of stable nuclei and the thermal
decomposition rate is simultaneously increased, nucleation density is expected to increased.
However, the surface diffusion length is also increased, growth dominant (rather than
nucleation) process can be proceed. As explained in section 3.1 and Figure 3-2,
experimental result shows that increasing temperature cause growth dominant process,
lowering its nucleation density. Thirdly, overall reaction of graphene is not irreversible
process, rather reversible process, '

CH, & C + 2H,

graphene
reverse process (etching process) can be proceed by increasing partial pressure of Ho.
Etching of graphene by H» molecules occurs with several intermediate state as Figure 3-6
in the presence of Cu metal catalyst.> % !> When the grain of graphene is formed, the edge
of graphene tends to have thermodynamically stable two different state, zig-zag and
armchair shape of edge,'® ! and consequently, grain shape has hexagonal shape which is
thermodynamically most stable shape. If the growth process is fast, i.g., if carbon source
feeding rate is high, the grown graphene grain has dendritic flower shape because of
massive attachment of active carbon atoms. However, if source gas feeding rate is low, or
partial pressure of Hy is high, the shape of grain has hexagonal shape because growth and
etching process simultaneously occur and thermodynamically stable shape remained even

if the net of overall reaction is forward. In Figure 3-7, the shape of graphene grain becomes
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hexagonal from various shape, and grain size is increased as increase partial pressure of
H,. In summary, controlling growth parameters of CVD graphene growth increasing grain
size is enabled.'* Reducing carbon source supply, increasing growth temperature, and

increasing partial pressure of H» is possible method to enlarge grain size of graphene.
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Figure 3-6. The possible scheme for H, etching process of graphene on Cu surface, and

the SEM image of graphene grain after etching in H> environment. The scale bar is 1 um.'
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Figure 3-7. The morphology changes of graphene grain as increasing partial pressure of
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3.2.2. Heterogeneous nucleation of CVD graphene

Since CVD graphene growth use Cu metal catalyst, Cu surface effect important role in
nucleation process of graphene. Usually, Cu foil is manufactured by mechanical rolling
process, rolling line cause scratches in Cu foil surface and other defects. Also, Cr,0s3 is
coated to protect from formation of native oxide of Cu which possibly acts as impurities
during graphene growth.'® In Figure 3-8, it is observed that graphene nucleus formed along
with the Cu foil scratch lines, these defects acts as additional nucleation center.'® In the
nucleation theory, the Gibbs free energy for heterogeneous nucleation is expressed as,'® 3

AGhetero = AGhomo = S(0)
AG = —fnrma + 4mr3
homo 3 v Y

(2 + cos8)(1 — cosh)?

S) = 3

In the case of CVD growth of graphene, n layer of graphene on impurity has angle of 6
as shown in Figure 3-9. In the CVD graphene synthesis, if heterogeneous nucleation
process becomes dominant as Figure 3-10, controlling growth parameter may enlarge
homogeneous nucleation density, but experimental result would be converged to
heterogeneous nucleation. Therefore, before synthesize the graphene by controlling
growth parameter, Cu surface needs to be treated to minimize heterogeneous nucleation
effect. The several methods were introduced to remove surface defects of Cu surface, pre-
heating in high temperature® is simplest way of it, and the chemical mechanical polishing'
and electropolishing'® also introduced to minimize heterogeneous nucleation of graphene.
grain size of graphene. Before the graphene growth with different grain size,
electropolishing was selected for Cu surface treatment, and optical microscopy image of
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graphene synthesis before and after electropolishing was on Figure 3-11.

Experimental details of electropolishing

Solution : 100 mL of DI water, 50 mL of orthophosphoric acid, 50 mL of ethanol, 10 mL
of IPA

Condition : 5 V of applied voltage, 2 A of current, 2 min of time
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Figure 3-8. The schematics if nuclei formation of graphene on Cu surface scratches and

optical image of graphene after transferred on SiO»/Si substrate. The scale bar is 10 um."
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Figure 3-9. The diagram of angle between graphene layer and impurity. n is the number

of layers of graphene and t is the thickness of graphene.
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Figure 3-10. The schematic graph of nucleation density of heterogeneous and

homogeneous nucleation.
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Figure 3-11. Optical microscope image of graphene grown on Cu foil with same condition.
The bare Cu foil (before electropolishing, left image) has higher nucleation density than

that of electropolished Cu foil (right image).
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3.2.3. JMAK growth kinetics of CVD graphene

In section 3.1, growth dominant process is proceeded when the concentration of carbon
monomer is less than Cn,, however, the Cu act as metal catalyst for dehydrogenation of
CHa, exposed Cu surface is reduced and generated carbon monomer becomes depleted

even though same carbon source feeding rate is same. If the remained carbon monomer
. . . Cnuc—C
concentration on Cu surface is more than the 2D density of graphene, % = 1,full
G
covered graphene can be synthesized after long enough of growth time. But if remained

. : Cruc—C
carbon monomer concentration is less than the 2D density of graphene, % < 1, full
G

covered graphene cannot be formed and unfilled gap exist after graphene synthesis as
illustrate in Figure 3-3.” The John-Mehl-Avrami-Kolmogorov (JMAK) equation is the
model explaining phase transformation growth kinetics which o phase transforming to 8
phase by consuming o phase in give volume V. Since the  phase formed by consuming
a phase and increment of 3 phase is proportional to remained o« phase therefore growth
rate becomes decreased as the time increased, its growth kinetics is very similar to that of
CVD graphene, which the carbon monomer generation is decreased as the exposed Cu
surface area becomes smaller. When the a phase transformed into 8 phase, the general
form of IMAK is given by*'
Y =1—exp(—kt™")

Where, Y is volume fraction of  phase, k is the transformation related constant, t is the
time, and n is the dimensional parameter. In ideal case, when [ phase is formed to round
(round in 2D, sphere in 3D) shape, 2, 3 and 4 of n corresponding to the 1D, 2D and 3-

dimensional growth. In many cases, especially in graphene, the shape of [ phase doesn’t
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have the round shape, rather, nonideal shape is observed. Then the shape parameter n can
be expressed further, n=b+pm, b is the time-dependent nucleation rate, p is the growth

%24 The specific description of these parameters is

mode, m is dimensional parameter.
summarized in Table 3-1, here, instant nucleation means nucleation process initially
occurs only and further nucleation is limited, linear growth means ideal growth (such as
round shape), and non-linear growth is the growth except ideal shape. Typically, since the
graphene growth is focused on enlarging grain size, the carbon source supply is minimized
and growth dominant process occurs, therefore, the time-dependent nucleation rate, b,
normally have zero value, nucleation occurs only initial stage of graphene growth (b=0).
The most low-pressure CVD (LPCVD) graphene has high growth rate, shape of graphene
is dendritic as Figure 3-11, the growth mode normally less than 1, p < 1, in atmospheric
pressure CVD (APCVD), the most of partial pressure is filled with H, gas, growth rate is
extremely slow and shape of graphene becomes ideal, p~ 1.2% *¢ Therefore, the typical
graphene growth, the expected shape factor n becomes 1~1.5 (b=0, p<1, m=2).

The graphene synthesis is performed for various carbon source feeding rate using
electropolished Cu foil, and JMAK growth kinetics analyzed, the growth parameter is
summarized in Table 3-2. To estimate coverage of graphene, partial covered graphene was
obtained by optical microscopy and the coverage of graphene were collected by image
analysis using IMAGE PRO program. The growth time vs coverage data was evaluated by
fitting JIMAK equation with various n value in Figure 3-12. The graph is well fitted with

the 1.5 of n value, like typical LPCVD graphene case, it seems that each parameter has

value b=0, p<l, m=2.
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Parameter Value Significance

b >1 Increasing nucleation rate
0 Instant nucleation
<1 Decreasing nucleation rate
p 1 Linear growth
<1 Non-linear growth
m 1 1D growth
2 2D growth
3 3D growth

Table 3-1. The parameters of shape factor n and its significance.’
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Pressure & Growth
Growth condition
temperature time
Ar 50 sccm, H; 30 sccm / CHy 10 sccm 2 min
0.5~0.8 Torr Ar 50 sccm, H, 30 sccm / CHy 5 scem 5 min
1030 °C Ar 50 sccm, H; 12 scem / CHy4 0.5 scem 30 min
H; 12 sccm / CH4 0.1 sccm 4 hours

Table 3-2. The growth parameters of CVD graphene to synthesize different grain size.
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Figure 3-12. The JIMAK fitting of synthesized graphene with growth condition in Table

3-2. 10 sccm (black, square), 5 sccm (red, circle), 0.5 sccm (blue, upper triangle), 0.1 sccm

(green, downer triangle).
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3.2.4. Growth of CVD graphene with different grain size

The 4 different grain size of graphene synthesized with the growth condition in Table 3-
2, the optical microscopy image is in the Figure 3-13. The grain size was measure with
analysis its partial coverage sample. Image process was conducted on partial covered
graphene sample, after measuring domain area, the grain size was calculated assuming
domain area is circle. The measured domain size is 17, 25, 52, 78 um, respectively. The
Figure 3-14 is the optic and SEM image of 0.5 sccm, in optic image, it seems that clean,
full covered graphene is synthesize, however, in SEM image unfilled gap between
graphene grains are observed. As the growth time increased, the growth rate is decreased
showing JMAK growth behavior, lack of carbon monomer concentration on Cu surface
result unfilled graphene area between grains. The sample with 0.1 sccm also similar
phenomena was observed, and these unfilled gaps may effect on the electrical property
measurement, misguiding grain boundary effect of graphene. there are two solution for gap
problem, increasing growth temperature and applying additional carbon source supply. In
both ways, the carbon concentration on Cu surface increased by increasing thermal
decomposition and applying more carbon sources, the increasing carbon source feeding
rate is more simple way in practically, this method was selected for unfilled gap solution.
The modified growth condition for the sample with 0.5 sccm and 0.1 scem summarized in
Table 3-3, two-step growth was conducted,?” ?® after growing graphene with condition in
Table 3-2 with almost full coverage, additional carbon source supply was introduced to

fill the gap between graphene grains.
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Figure 3-13. The optical microscopy image of grown graphene with the condition Table
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Figure 3-14. The optical microscopy image (up) and SEM image (down) of 0.5 sccm

sample.

94



Pressure & Growth
Growth condition
temperature time
1%t step : Ar 50 sccm, Hy 12 scem / CH4 0.5 scem 30 min
0.5~0.8 Torr 2" step : Ar 50 sccm, Ha 12 scem / CHy 1 scem 30 min
1030 °C 1% step : Hy 12 sccm / CH4 0.1 scem 4 hours
2" step : Hp 12 sccm / CHy4 1 sccm 1 hour

Table 3-3. The two-step growth condition for filling graphene gap.
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CHAPTER 4.

Grain size dependence of electrical property of graphene
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4.1. The electrical property of 4 different domain sized graphene

The single crystal graphene has remarkable mobility with 230,000 cm*Vs at R.T.
condition and corresponding sheet resistance of graphene is calculated about 30 ohm/sq. "
2 However, the polycrystalline CVD graphene has about 500 ohm/sq by various limiting
factors described in chapter 2, as numerical formula, Rg = RZ“¥ + R$¥P + RYB + Rete,
To evaluate the grain boundary effect on electrical property of graphene, this numerical
formula can be simplified as
Rg = RDulk 4 Rsub 4 RGB 4 petc.
Rs = R§ + R
RG = Rbulk 4 psub 4 pete

Here, R is the sheet resistance of graphene grain, therefore, the total sheet resistance of
graphene can be divided into two important term, the graphene grain sheet resistance, RS,
the graphene grain boundary sheet resistance, R¢Z. Using graphene samples which
synthesized in chapter 3, the grain boundary effect on electrical property was performed

in this chapter.

4.1.1. Experimental scheme

The experimental scheme of this chapter is illustrated in Figure 4-1. The prepared
samples in chapter 3 was wet transferred on polyethylene terephthalate (PET) substrate
using ammonium persulfate (APS, (NH4)2S,0s) Cu etching solution. To measure electrical

property of graphene, the transferred samples were measured by Hall measurement system
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(HL 5500PC, BIO-RAD) with the square Van der Pauw structure. The contact pad with 1
mm by 1 mm were made on each corner of sample by sequential evaporation of Ti and Au
(3 nm, 50 nm respectively). The size of sample was determined with the 10 mm by 10 mm,
which is far larger than graphene grain size to maximize its reliability of grain boundary
effect. The grain size of graphene is 17, 25, 52, 78 um as synthesized in chapter 3 and each
grain size, 9~12 sample were Hall measured. After electrical property measurement of
undoped graphene, all graphene samples were dipped into benzimidazole (BZ) based p-
type doping solution (H,SO4+H,0,+BZ), to investigate doping effect on various grain size
of graphene. The BZ is known to have high electron withdrawing molecule with high
electronegativity typically used to dope carbon nanotube (CNT) and graphene.>> After
doping process, electrical property of all samples was evaluated again, using Hall

measurement system
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4.1.2. The electrical property of undoped/doped graphene

The electrical property of undoped graphene were evaluated by Hall measurement, and
the result is in Figure 4-2. The sheet resistance of graphene decreased from about 480
ohm/sq to 400 ohm/sq as the average graphene grain size increased. The carrier
concentration is relatively constant with 8.5x10'? /cm?, the carrier mobility is increased
from 1500 to 1800 cm?/Vs as the average grain size increased. The electrical property
result is corresponding to the previous reported result, as the grain size of graphene
increased, the sheet resistance of graphene is reduced because the mobility scattering in
grain boundary decreased causing increase its mobility. The doped graphene also has
similar electrical property behavior. As the grain size increased the sheet resistance of
graphene reduced since the carrier mobility increased and the carrier concentration
relatively stays constant as Figure 4-3. However, because the graphene is doped, the
carrier concentration is increased from 8.5x 10" /ecm? to 2.1x10" /cm? and the sheet
resistance of graphene is reduced from 400~500 to 200~250 ohm/sq over 10~80 um of
grain size. The carrier mobility is also increased in doped graphene as the average grain
size is increased as Figure 4-3(c), it is in the range of 1200~1400 cm?/Vs which less than
undoped graphene case, since the additional charge impurity scattering arises from dopant
element. From the numerical formula Rg = RS + RS8, as the average grain size is
increased the portion of the grain boundary sheet resistance, RSE, decreased and in
extreme case, when the graphene grain size is increased extremely like single crystal
graphene, then Rg ~ RS as Figure 4-2 left graph downer dash lines. Then, the gap
between the experimental sheet resistance data (or total sheet resistance Rg) and RS

would be the REE. In the same manner, the carrier mobility converges to the mobility of
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grain, Ug, as the grain size increased and the grain boundary mobility, p;p, show some
far below value than p.; as Figure 4-2. It is noted that the carrier concentration and carrier
mobility both positive with major carrier is hole. Typically, the transferred CVD graphene
has major hole carrier because of electron capturing from SiO» substrate, and p-type doping
effect of oxygen-based molecules from air environment contamination." ® * Even though
graphene is transferred on PET substrate, similar phenomena seem to occurs on prepared
graphene samples.

To extract RS, RS® and pg, ugp terms, and evaluate electrical property of graphene
grain boundary, two different method were performed, extracting grain boundary property
from simple numerical formula, ohmic scaling model, and considering graphene grain
boundary as a scattering center in the point of view of transport dynamics, using Mayadas-

Shatzkes model.
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Figure 4-2. The electrical property of undoped graphene with various grain size measured
by Hall measurement system. The sheet resistance (left graph), carrier concentration (right
graph, left side of vertical axis with black square) and carrier mobility (right graph, right

side of vertical axis with upper triangle).
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of doped graphene.
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4.2. Ohmic scaling model

4.2.1. Ohmic scaling model

If grain boundary graphene is considered to the another 2-D bulk material same as
graphene grains, electrical property of grain boundary can be extracted by simple
numerical calculation. An ohmic scaling model was proposed for 1-D numerical
calculation model for graphene grain and grain boundary.® ° There are 3 major assumption
is made in the ohmic scaling model, first, the graphene grain and grain boundary are bulk
material which have resistance value. Second, the graphene grain exist as rectangular shape
and grain boundary is straight line between graphene grains. Lastly, each grains and grain
boundary has same electrical property. The principle and derivation of the ohmic scaling
model is described in Figure 4-4. The derivation of the ohmic scaling model is follows in
detail. Since the grain and grain boundary are both bulk materials having resistance, the
total resistance of graphene, R, can be expressed,

R = Rf + RY® + R§ + R3® + R§ + R§® - + R§ + RSP

R§ is the resistance of graphene grain, RB is the resistance of graphene grain boundary.

Since each grain and grain boundary have same electrical property respectively from

assumption, and resistance R = p therefore

3
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R, RSB is the sheet resistance of graphene grain and grain boundary, and L; is the length
of i grain, Lyp is the length of grain boundary. Since, Y. L; ~ L (neglecting Lgp

value) and Ly is constant,

L
R=RE— +nR§F22
L L Ly
—~ _—RG_—_ RGB _GB
P = Rs gy TRy
L*
G GB _GB
Ryy; = R oo +nR§®
n
Re = RE + [RE"Lizp)

1
Ry = R + po% —

Lg

n 1
GB:RGB*’ d—:—
p s bep, and o Lg

B s defined by the resistivity of grain boundary (having unit of kQ - pm), and L is the

p6
average grain size by definition. From above equation, the total sheet resistance (or
measured sheet resistance) of graphene is inversely proportional to the its grain size since
R&, and pYE is constant, and the value of p®E is reported about 0.1~10 kQ - um.*'! To

extract and calculate grain boundary property of mobility and carrier concentration, the

ohmic scaling model is modified. Re-considering grain and grain boundary length,

n

Z L = Lgrain
i=1

n
* —_ * —
Z Lgg =nlgg = Lgp
i=1

Lgrain +Lggp =1L
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Then the sheet resistance of graphene can be expressed as follows,

i
Lgra n LGB R B
Rs - I : qu I sg

And if LGTB =71,
Rs = (1 — YRS + xR§®
Then, Ry is the sum of RS and REZ with multiplied by each portion of length. Since
the L > Lgg,
Rs = R¢ + xR§®
The carrier concentration can be explained similar method as shown in Figure 4-5. The

total carrier concentration is given by,
n n

N = Wtz nCL; + Wtz nCBL:,

=1 =1

N = WtnCLgygin + WtnLgg

1 Lgrain G Lgp GB
NpThT T ot Tn

Lyrai L
_ Hgrain GB _GB
ng = A ng + I ng

ns = (1 —0ng +xng®
In the same reason, L > Lg;p,
ng = n¢é + yn&8
Here, N is the total number of carrier (with unit /cm®) and ng is the sheet carrier
concentration. Without further notice, the carrier concentration of graphene normally
means the sheet carrier concentration. From the experimental result of the carrier
concentration on undoped/doped graphene in Figure 4-2 (right graph) and Figure 4-3(b),

110 R
":l"\-_i _.,;__._ .I-.!i _.--l:i



there is no significant deviation or trends of the carrier concentration over grain size of
graphene, and also y is in the order of ~ 107, Therefore, if n¢5is not extremely larger

than ng, i.g., ~10"° /em?, the term yn¢® becomes negligible. The carrier mobility can be

calculated from equations, Ry = RS + yR$Z and Rg =

Rs = R§ + xR§®

1 1 1

nst ngug ngPucp
Here, if n¢ ~ nS® is assumed, (further detail of this assumption will be described in
section 4.2.3 and 4.4.1) then ng = n¢ = nf8, so,

1 1 1
u  Ug UGB

Therefore, the sheet resistance, carrier concentration and the carrier mobility can be
expressed as following simple equations,

Rs = R§ + xR§®

ng =ng + yng®

1 4 1
— X JE—
Ug Ugp

1
U
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Figure 4-4. The principle and derivation of the ohmic scaling model.
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Figure 4-5. The principle of calculating total carrier concentration using ohmic scaling

model.
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4.2.2. Application of ohmic scaling model

The sheet resistance of undoped graphene in Figure 4-2 can be fitted by the equation
Ry = RS + yRE® and the result is in the Figure 4-6. The RS is fitted to 379 ohm/sq,
meaning that the single grain of graphene have average 379 ohm/sq of the sheet resistance,
and if the grain size is extremely enlarged the sheet resistance converged to 379 ohm/sq.
The p©B is fitted to 1808 KkQ - um which is similar to the previously reported p%E. For
clear view of the grain boundary portion in sheet resistance of graphene, the sheet
resistance is expressed in columnar graph as shown in Figure 4-7. In the case of 17 um of
grain size, the yREE, the portion of grain boundary is 22 % which is incredibly large.
Comparing with the thin-film metal, the graphene has more than 10 um of grain size but
considering typical thin film has few hundreds of grain size. Even though graphene has
about 100 times larger grain size, 22% of the sheet resistance arises because of grain
boundary itself. From the fitted value the grain and grain boundary mobility can be

calculated with following equations,

1

He = —Go6
qng R§

1
Hos = —arcs
qngPRP

To determine R&E, the single grain boundary length Lip required to define. The most
stable grain boundary, Stone-Wales grain boundary in Figure 2-8,'% the length of grain
boundary is about 0.3~0.4 nm. However, the grain boundary in polycrystalline graphene
has not only Stone-Wales grain boundary which consisted of penta-, heptagon of carbon

rings, but also has polygons, voids as Figure 2-9."* Therefore, L is determined from
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polycrystalline graphene grain boundary in Figure 2-9 with about 0.7 nm. The mobility of

grain and grain boundary is calculated as follows,

———— = 1940 cm?/Vs

Ug =
qnéR¢

Ugp = TP R = 2.85x 1071 cm?/Vs

The grain mobility is calculated to 1940 ¢m?/Vs, and the carrier mobility of graphene
considered to converges to the value 1940 cm?/Vs. This value is far from the carrier
mobility of single crystal graphene, 200,000 cm?/Vs, % and that single crystal graphene is
typically measured FET device or Hall bar system, in very clear environment, (i.g.,
including degassing process to remove contaminations, and measuring UHV environment
to prevent further contamination from air), with suspended condition (removing substrate
scattering effect), without wet transfer process (typically sample is prepared by mechanical

cleavage method).! %% The grain boundary mobility was calculated below 1, which means

that grain boundary act as strong scattering center, and one of the dominant factors for

- . . .11 1

limiting electrical property of graphene. Using equation P + X calculated the
G GB

total mobility denoted on Figure 4-8, and experimental data is well fitted by mobility
equation.

The doped graphene also evaluated by ohmic scaling model and very similar behavior
was observed. The calculated various terms are summarized in Table 4-1 at 17 um size of
graphene. The sheet resistance of grain, R, is reduced from 379 to 220 ohm/sq, the g
is decreased in doped graphene about 0.7 times because of charge impurity scattering, the

carrier concentration is 2.5 times increased by doping process. The calculated ugp is
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about 0.4 ¢cm*Vs in doped graphene, it is clearly showing that the mobility of grain

boundary is relatively low regardless of doping effect.

116



500 T

i
R, = RS + [REBL:.]-—

— ' Lg
E 450 - _ /
-I-' 1
£ R
=
o N P
400 A
@ | RS:3790hm/sq | _____ .

35ﬂ | | L] L] L] L] L] | |
10 20 30 40 50 &0 7O 80

Averaqge grain size (um)

Figure 4-6. The fitted sheet resistance of undoped graphene (dot), the dashed line

represents the RS value.

117



B Grain boundary

500 - 22 % :
16 % Xﬂfﬂ - Grain
] B2 5%

400 -
— r Y
o
=~ 300 -
£

G

L 200/ R
0 379
o

100 -

D- T X T T

10 20 30 ='I-IEI 50 60 70 80
Average grain size (um)

Figure 4-7. The column graph of the sheet resistance of graphene with various grain size.
The portion of graphene grain is 379 ohm/sq (down side of column) and the portion of

grain boundary is denoted on upside of the column.

118



I : 1940 em?/Vs
==20004 _ _ _ o o o o o e e e e - -
et
o~ 1500{ &~ T 1 1 L1
E _,"' n pe Heply
~ 1000 £
2
— 40-
LD
Eﬂ 20 -
Heg : 2.85%10 cm?fVs
u._ ___________________

Average grain size (um)
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Terms Undoped Doped

RS [ohm/sq] 379 220
xREE [ohm/sq] 106 31
ng [ /cm?] 8.5x10" 2.1x10"
Ue [ cmo/Vs] 1940 1360
Ugp [ cm/Vs] 2.9x10°! 4.0%10"

Table 4-1. The summary of electrical property of undoped/doped graphene with 17 um

size using ohmic scaling model.
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4.2.3. Limitation of ohmic scaling model

Using ohmic scaling model, the sheet resistance of graphene grain boundary was
successfully extracted and mobility also calculated. The terms p%E is generally accepted
in graphene articles,® * however, other terms such as ugsp ,n%8, Ly are not yet used
term in the field of graphene and uncertainty is exist considering those terms. The L,
for example, it is hard to define the grain boundary length itself which have various
conditions and status. In this chapter, 0.7 nm was used from statistical data from Figure 2-
9, more variation can be occurred by various growth condition of CVD graphene. In Figure
4-9, the ugp is calculated from various Ly, and as the Lip increased, the ugp is also
increased proportionally. Also, during derivation of mobility equation in section 4.2.1, the
carrier concentration is assumed as n$ ~ nSE. The value of n¢ is seem to be reasonable
in logically and experimentally, defining nS® is very difficult and hard to know its value.
Generally, the grain boundary is defined into two different point of view, as a charge
trapping potential barrier in semiconductor, and as a scattering center in carrier transport
dynamics in typical metal as shown in Figure 4-10. The former case, grain boundary acts
as charge trapping site and forming depletion layer, and considered to the potential barrier
for electric conduction. The latter case, grain boundary doesn’t act as charge trapping site,
rather just scattering center for carrier transport. It is hard to judge which is the case in
graphene grain boundary but graphene grain boundary is rather act as carrier generating
site from doping, and most of electrical property is similar to the metal electrical property.
Therefore, from ohmic scaling model, it is hard to clearly accept the value of ugg, nS%,
Lgp, quantitively, it is certain and assured by ohmic scaling model that graphene grain

boundary act as strong scattering center qualitatively. To complement the limitation of
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ohmic scaling model which extract grain boundary property by simple numerical
calculation, Madayas-Shatzkes model was used to analyze grain boundary property of

graphene which is classical model of grain boundary carrier transport.
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Figure 4-10. Two different classical point of view considering grain boundary.
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4.3. Mayadas-Shatzkes model

4.3.1. Mayadas-Shatzkes model

In classical model for metal thin film, the resistivity of metal thin film can be described
as follows,

Ptotoal = Po T Prs + Pus

The protoal 18 the total resistivity of metal thin film, the p, is the bulk resistivity, the
Prs 1s the resistivity by surface scattering with Fuch-Sonheimer (FS) model (or Fuch size
effect),'® the pys is the resistivity by grain boundary scattering with MS model.!” On
1970s, during the thin-film technology arises, people found out that lower film thickness
result increased pPioroar Of thin film, and Fuch et al. postulated that surface scattering

factor act an important role in metal thin film, as follows, '

reai-Gon | Ga)r

-1

k=a/l]
The a is thin film thickness, 1; is the intrinsic mean free path, p is the probability of
electron scattering at surface, p; is the thickness independent resistivity of metal which
does not consider grain boundary scattering. After massive study on surface scattering of
thin films, people also found out that the single crystal film and polycrystalline film have
different p; value which is constant material property.'® Mayadas et al. have found that in
evaporated Al films p; is increased with decreasing film thickness, and the fact that the
film thickness and grain diameter is very similar is also found out.'?° Mayadas et al.

claimed that grain boundary act as a scattering center in thin film, and MS model was
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established. In MS model, the grain boundary is denoted as potential barrier as the &
function with strength s, and the background scattering (scattering in grain i.g., lattice
phonon scattering) is set as point defects and phonon as illustrated in Figure 4-11. The
position of grain boundary is distributed by Gaussian distribution. The carrier transport
equation is carried out by Boltzman equation for the geometry on Figure 4-11 is given
17

by,

eE, M = fP(k,k’)[CD(k) — d)(k’)]dk+@
*  Jde T

The E is the electrical field, P(k,K") is the transition probability for an electro in state k
to be scattered to k', ®(K) — ®(k') is the deviation of the distribution function f(K)
from its equilibrium value f,(K), v, is the x component of velocity, € is the electron

energy. The resultant resistivity considering grain boundary scattering is as follows,”

3 1
Pce = Po [1 — Ea + 3a? — 3a%ln (1 +E>]

[ =)
g/ \1—R
here, A is the mean free path, g is the grain size and R is reflection coefficient (0< R<1)
which is the experimental factor. The reflection coefficient factor is the index of grain
boundary scattering which is extracted by experimental data, high R means that scattering

effect is very strong at grain boundary, and low R means that relatively weak scattering

effect at grain boundary as shown in Figure 4-12.
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The schematic illustration of reflection coefficient on grain boundary

Figure 4-12.

scattering.'?

i & -
25 A2t e
SECHRIL hATIOMAL LIMIVERSTY

)
=1 -

128



4.3.2. Application of MS model
Prior to apply MS model in undoped graphene, pgp equation should be altered in R$E
form as follows, 72122

Ry = R{ + RSP
3 A
RGB = Rbulk {1 —a+t 3a? — 3a®In (1 + 5)} -1

For the calculation of MS model application, RS value is collected from ohmic scaling
model as 379 ohm/sq, and the mean free path of graphene was 3.8 um which is reported
from articles. *>2* The reflection coefficient is extracted from fitting the graph in Figure
4-2, and the fitting is as shown in Figure 4-13. The sheet resistance of graphene is well
fitted by MS model (the dashed line) and ohmic scaling model (the dot line), corresponding
R value is 0.92 in undoped graphene. To compare R value from metals, representative
metal’s R value is summarized in Table 4-2.'7 18 21.2527 Aq it can be seen in Table 4-2,
most of metal have 0.2~0.5 of R value, however, the undoped graphene has significantly
large R value which postulate that grain boundary is act as strong scattering center. The
application of MS model in doped graphene is shown in Figure 4-14. The resultant R in
doped graphene is 0.76, and R value is decreased from undoped graphene, still very high
comparing other metals. The reason for reduce of R in doped graphene is unclear, one of
the possible reasons is that grain boundary oriented doping effect on graphene, the carrier
generation is more efficient on the grain boundary of graphene resulting reducing the sheet

resistance of graphene on grain boundary.
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Figure 4-13. The fitting of MS model and ohmic scaling model on the sheet resistance of
undoped graphene with various grain size. The dashed line is MS model, and the dot line

is ohmic scaling model.
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Materials Undoped

Ni 0.41
Ti 0.45
Pt 0.46
Cu 0.27
Ag 0.35
Al 0.22

Table 4-2. The reflection coefficient of metals.
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Figure 4-14. The fitting of MS model and ohmic scaling model on the sheet resistance of
doped graphene with various grain size. The dashed line is MS model, and the dot line is

ohmic scaling model.
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4.4. Approaches to overcome electrical property limiting factor of

CVD graphene

4.4.1. The doping and the enlarging grain size

The approaches to overcome electrical property of CVD graphene is various, as
mentioned in section 2.3, doping and increasing graphene grain size is major approaches
for enhancing electrical property of CVD graphene. In this chapter, both major methods
were evaluated and it is possible to compare which method is more efficient in ideally, or
in practically. First, considering doping effect, the efficiency of doping can be expressed
as,

(Rs,doped - Rs,undoped )

n= X 100 (%)

R undoped

Here, 1 is the doping efficiency of doped graphene and it is shown in Figure 4-15(a)
based on the ohmic scaling model. The experimental grain size range 17~78 um, 1 is
about 45 % relatively constant. Even though 1 becomes higher at the small size of
graphene grain, the sheet resistance cannot be inverse because undoped graphene at the
small grain size much larger as shown in Figure 4-15(b). Interestingly, the doping
efficiency tends to increase as the average grain size decreased, implying that the density
of grain boundary affects doping effect. In other words, larger grain boundary density
shows higher doping efficiency, doping is promoted more on graphene grain boundary.
From the value in Table 4-1, RS is reduced about 1/2 times after doping, however, RSB
is reduced about 1/3 after doping, the electrical property grain boundary is more enhanced

after doping than that of the graphene grain. This phenomenon is contradictory to the
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assumption in carrier concentration part of ohmic scaling model, né¢ ~ n¢8, rather, the
efficiency graph implying that n¢ <nfB . Considering né <nfB , the carrier
concentration on doped graphene can be re-written as following equations,

ng = né + ynSt

* *
_Lgp _nlgp  Lgp

L L Lg

*
LGB

ng =nf +nfk -
Lg

Here, n¢, nS%8, Lip, is constant, therefore, ng is the function of L; and the carrier

concentration of doped graphene can be fitted as Figure 4-16. From the fitting, calculated
n¢ and n&® are 2.1x10" /cm? and 5.8x10'* /cm? respectively, the carrier concentration
is higher on the graphene grain boundary. The mobility equation also can be re-written as

follows,

1 1 1

nel néug ngfucp

1 1 1
U Vilg Y2UGB

y1=né/ns and y, =ng®/ng
Using above equation, calculated graphene mobility is shown in Figure 4-17. As it can be
seen in Figure 4-17, the calculated mobility well matched with experimental data. In both
cases, ng ~nf® and n¢ < nf5, the mobility fitting is well matched and the decrease of
carrier concentration is relatively small compared with the its deviation, it is hard to judge

which assumption is appropriate in electrical property of grain boundary. The grain

boundary oriented doping effect is further analyzed on chapter 5 by selective Ru ALD on
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graphene grain boundaries.?

Increasing grain size is readily studied in section 4.2.2 and based on the graphene with
17 um of grain size, about 20 % of the sheet resistance reduce expected by increasing grain
size. In the view point of effectiveness of reducing the sheet resistance, the doping process
has about 45 % and the enlarging grain size has about 20 % of the sheet resistance reduce.
In practically, the doping process such as dipping, spin coating, and deposition of dopant
(by PLD, ALD) is simple, however, growing larger size of grain requires high cost and
long process time. In Table 4-3,°3! the process time and corresponding grain size is
summarized. To increase grain size of graphene, extremely reducing carbon source supply
required and therefore, process time should be longer. Considering CVD graphene process
conducted on 1000 °C of high temperature, the cost also becomes higher as the process
times becomes longer. Therefore, in the point of reducing the sheet resistance, and
practically also, doping is more efficient way for enhancing electrical property of graphene.
One thing to be noted is that if the grain size of graphene becomes small as 1 um, expecting
sheet resistance of graphene is about 2000 ohm/sq according to the ohmic scaling model.
In this case, the sheet resistance of undoped graphene is high and expecting doping
graphene has only 780 ohm/sq of the sheet resistance. Therefore, the best way for
enhancing electrical property of graphene is that synthesize 10~50 um size of graphene

(which process time is about 5 min ~ 1 hour) and conduct doping process.
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Figure 4-15. (a) the doping efficiency of the graphene with various grain size based on the
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ohmic scaling model, and (b) is the expecting sheet resistance of undoped/doped graphene.
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Figure 4-16. The carrier concentration fitting of graphene with various grain size, with the

assumption of n¢ < ng8.
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Figure 4-17. The mobility of doped graphene (square) and the calculated mobility based

on the equation in the case of n¢ < n¢®.
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Process

Method Principle Grain size Ref.
time
Longtime Removing
35h 1.2 mm [30]
pre-annealing nucleation site
Low chamber Reducing C supply
9h 2.3 mm [29]
pressure
Removing
Oxidized Cu + H; 48 h 5 mm [31]

nucleation site

NFL CVD process  Typical CVD growth 5 min 17 pm -

Table 4-3. The summarized characterization for reported mm-sized graphene.
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4.4.2. The portion of limiting factors in the sheet resistance of graphene

In section 2.2, the electrical property limiting factors of graphene can be summarized into
4 components as,

Rg = Rbwlk 4 Rsub 4 RGB 4 gete

R2%k and R§“P is readily calculated on section 2.2 and RE® is calculated using ohmic
scaling model Rg is the measured total sheet resistance of graphene. Therefore, R,
also can be extracted and each portion can be expressed in Figure 4-18 at the 17 um case.
It is very interesting that, the bulk sheet resistance has only 6 % of portion and surprisingly,
RS has 45 %. The RE“ is including impurity scattering from air environment
contamination, and addition damage during transfer process (crack voids and further
impurity contamination). The Figure 4-18 postulate that devolvement of clean and stable
transfer process can be one of the best ways for reducing electrical property of graphene,
and prior to other limiting factors. And also, from the Figure 4-18, practically it is hard to
change the substrate to reduce 25 % of R$“” because most of industrial standard is based
on the Si and SiO», practically, removing grain boundary can play significant role to reduce
the sheet resistance of graphene if R is improved. The circular diagram in other grain
size is in the Figure 4-19. It is noted that PET substrate is used in this experiment and
analysis on R$“P can be different in SiO; case, however, using the same graphene growth
condition, the electrical property difference between PET and SiO, substrate was minor in

current CVD graphene growth and electrical property measurement system.
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Figure 4-18. The circular diagram of electrical property limiting factors on CVD graphene

at 17 um graphene grain.

141

) A2t sk

..-,_.;_-._.h SECHIL NATICRAL ‘*J.,.F T



L

(c)

Figure 4-19. The circular diagram of electrical property limiting factors on CVD graphene

at (a) 25, (b) 52, (¢) 78 um graphene grain.
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4.5. Summary and conclusion

The electrical property of graphene grain boundary systematically analyzed using 4
different grain sized graphene, 17, 25, 52, 78 um synthesized from chapter 3. The Hall
measurement shows that the sheet resistance of graphene is reduced as the grain size
increased regardless of doping because of the mobility enhancement from lowering grain
boundary scattering with constant carrier concentration. In two different method, grain
boundary property was analyzed, from the simple numerical calculation the ohmic scaling
model and MS model which is the classical grain boundary scattering theory in thin film
technology. In both ways, the graphene grain boundary is found to the strong scattering
center, one of the major limiting factors on electrical property of graphene. From the
doping and enlarging graphene grain size experiment which are the dominant electrical
property enhancing method in graphene field, two method was compared in the point of
view of the sheet resistance reducing efficiency and practical point, doping is turned out to
be the effective way, however, extremely small size of graphene has significantly high
sheet resistance. Therefore, the best way for enhancing electrical property of graphene is
growth 10~50 um grain size of graphene and conduct doping process with high doping

efficiency.
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CHAPTER 5.

Enhancement of electrical property of graphene by Ru

ALD

This chapter is based on the paper published in

ACS Applied Materials & Interfaces 9, 701-709, (2017).
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5.1. Introduction

To improve the electrical quality of CVD graphene is that doping the graphene with
dozens of um size graphene according to the chapter 4, and also, the doping effect is
possibly more efficient on the grain boundary, even it is still unclear. Therefore, to
accomplish enhancement of electrical property of graphene and clear understanding
doping effect on graphene grain boundary, the doping process was conducted based on
ALD. Ideally, adsorption of precursor should be suppressed on clean surface of graphene
since the surface is inert without dangling bonds and chemically active functional group.
Defects (e.g., grain boundaries, wrinkles, cracks, holes and residual material) should
provide selective nucleation sites for ALD based on similar behavior that was observed
with several metal oxides'** and Pt,* but which was not systematically investigated with
regards to transparent conducting electrode (TCE) performance and doping mechanism.
Of the metals that can be deposited by ALD, Ru was selected due to it having a well-
established precursor and recipe.’ The difference in work function between graphene and
Ru can also allow for work function tuning following ex-situ doping and carrier generation.
This study therefore not only investigates the selective ALD of Ru on graphene using
microanalysis tools, but also explores the electrical and optical properties of the final
product. In this chapter, it was performed that the Ru ALD on graphene. Firstly, graphene
was systematically investigated the selective deposition behavior using microanalysis tools.
Secondly, the electrical and optical properties of Ru deposited graphene was conducted. In
order to understand mechanism of graphene doping, measurement of work function was

also carried out. Finally, the characteristic effect of ALD process to the electrical and
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optical properties by comparing results of the Ru ALD and Ru evaporation was analyzed.

5.1.1. Experiment

52 um size of single layer graphene was synthesized based on the growth parameter on
chapter 3. Graphene transfer was achieved using a typical wet chemical transfer process,®
whereby PMMA was first spin-coated onto the as-grown graphene. The
PMMA /graphene/Cu was then floated on a 0.1 M of APS solution overnight to etch away
the entirety of the Cu foil. The remaining PMMA/graphene layer was then scooped onto a
Si0,(285 nm)/Si or quartz substrate for measurement of its electrical properties and optical
transmittance. the residual PMMA was removed by direct heating at 380 °C in atmosphere,
after which an Au/Ti (100/3 nm) electrode was deposited by e-beam evaporation using a
metal shadow mask. A total of 42 such devices were prepared and subjected to Hall effect
measurement under a 0.510 T magnetic field (HL 5500PC, BIO-RAD) at room temperature.
A traveling wave-type ALD reactor (NCD Technology, Lucida D100) was used to deposit
Ru onto graphene at a temperature of 220 °C under 1 Torr of pressure. A metalorganic
precursor vapor of CisHx:Ru [(n6-1-isopropyl-4-methylbenzene) (n4-cyclohexa-1,3-
diene)ruthenium, DNF Co.]* was generated in a bubbler at 100 °C, and then carried into
the process chamber by N» (99.999%) at a flow rate of 10 sccm. The line for precursor
delivery was kept at 130 °C to prevent condensation of the precursor. The reactant used
was diluted O, with N», which was introduced at a rate of 200 sccm via a FC-280SA Tylan
mass flow controller. Each ALD cycle consisted of a 10 s Ru precursor pulse, 10 s N> purge,

2 s diluted O, pulse and a final 10 s N, purge. A flow rate at purge step is 200 sccm.
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5.2. Characterization of Ru doped graphene

5.2.1. Microstructure analysis and Ru growth behavior

Figure 5-1 presents SEM (MERLIN compact, ZEISS) and AFM (NANO station II,
Surface Image Systems) images of the as prepared graphene (Figure 5-1(a)), and after 20
cycles (Figure 5-1(b)), 50 cycles (Figure 5-1(¢)), and 100 cycles (Figure 5-1(d)) of Ru
ALD. The line defects evident in limited number in the SEM images are considered to be
either wrinkles or grain boundaries, and it is clear that these act as nucleation sites for Ru
deposition. Figure 5-1(b), for example, shows that Ru is mostly deposited on top of the
line defects after 20 cycles. This preferential deposition becomes even more pronounced
after 50 and 100 cycles (Figure 5-1(c-d)), but increasing the number of cycles also causes
Ru islands to start forming inside graphene grains. Considering that a continuous Ru film
with a thickness of about 4 nm was formed after 50 cycles of ALD on a bare SiO»
substrate,’ this results clearly show that high selectivity of the ALD of Ru due to the
chemical stability of the basal plane of graphene.

TEM analysis (JEM-300F, high-resolution transmission microscope, JEOL) was used to
gather more detailed structural information regarding the growth behavior of Ru on
graphene. Figure 5-2(a) shows a bright-field TEM image of graphene after 20 cycles of
Ru ALD, in which lines defining the triple boundary of a graphene grain can be clearly
seen. Three regions (named A, B and C) were as different grains based on the dark field
images (Figure 5-2(b) and Figure 5-3) and diffraction patterns. In addition, the diffraction
pattern of each graphene grain in Figure 5-2(c-f) show that Region B and C were

mismatched to Region A by 16.0° and 20.5°. The bright-field TEM images in Figure 5-
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4(a-f) clearly show the evolution of Ru growth on the triple boundary of a graphene grain
with an increasing number of Ru ALD cycles. The diffraction pattern for each cycle is
shown in Figure 5-5(a-f). As shown in Figure 5-4(a) and Figure 5-6, Ru nanoparticles
measuring only a few nm in size were formed on the triple junction of graphene after 5
cycles of Ru ALD. As the number of Ru ALD cycles was increased, however, the Ru
nanoparticles became larger and more widely deposited on the graphene grain boundaries.
This clearly shows the selective deposition behavior of Ru ALD, in that Ru nucleation
preferentially occurs on the grain boundaries of graphene. With and increasing number of
ALD cycles additional nucleation sites are limited, and so the growth of existing Ru
particles tends to dominate. In this way, Ru nanoparticles are selectively deposited on
graphene grain boundaries and enlarged according to the number of ALD cycles.
Nucleation of Ru nanoparticles occurs not only at the graphene grain boundary lines but
also around the grain boundary area. It may be related to the status of graphene grain
boundary. For instance, grain boundaries of graphene can be overlapped during the growth
process” ¥ generating more nucleation sites for the ALD process. On the other hands,
graphene grain boundaries did not stitch together during the growth process or could be
damaged during the transfer process forming empty areas that also act as nucleation sites
for the ALD process. It is believed that under those grain boundary status, the Ru
deposition could occur around the grain boundary area as shown in Figure 5-4(b) and

Figure 5-4(c).
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Figure 5-1. Selective deposition of Ru on graphene. SEM and AFM images of graphene

(a) as prepared, and after (b) 20, (c) 50, and (d) 100 cycles of Ru ALD.
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Figure 5-2. TEM images of graphene after 20 cycles of Ru ALD. (a) Bright-field and (b)
dark-field TEM images of the same region. Diffraction patterns for (c¢) the total region, (d)

Region A, (e) Region B, and (f) Region C.
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Figure 5-3. Dark-field TEM images obtained with different diffraction beams from (a)

Region A, (b) Region B, and (c) Region C in Figure 5-2(a).
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5 cycles 10 cycles B3 20 cycles

Figure 5-4. (a-f) Evolution of Ru growth on graphene triple grain boundaries shown
through magnified bright-field TEM images taken after 5, 10, 20, 50, 100 and 200 ALD

cycles, respectively.

156



5 nm-1

100 cycles

Figure 5-5. (a-f) Diffraction patterns for triple grain boundary of graphene with various
Ru ALD cycles corresponding to Figure 5-4(a) to Figure 5-4(f). Three different diffraction

peaks for each graphene grain are indicate by circles.
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Figure 5-6. Magnified bright-field TEM image of Figure 5-4(a).
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5.2.2. The electrical property of Ru doped graphene

The electrical properties of the graphene were characterized by Hall measurement.
Figure 5-7(a) shows that the sheet resistance of the graphene drastically decreased from
519 Q/sq to 125 Q/sq after 50 cycles of Ru ALD, and to below 100 €/sq after 100 cycles.
The carrier density and mobility presented in Figure 5-7(b) clearly show the doping effect
of Ru ALD, with the carrier density of graphene increasing from 1.9x10" cm™ to 2.2x10"°
cm? as the number of ALD cycles is increased up to 200. Surprisingly, the carrier density
was found to increase to more than 5.7x10'3 cm™ after just 20 cycles. The overall trend of
mobility, on the other hand, was a decrease with an increasing number of ALD cycles. This
decrease in carrier mobility may be due to charged impurities scattering with an increasing
concentration of dopant, which has been previously reported in both theoretical and
experimental research. *!! Additionally, one thing to be aware is that Ru on graphene also
can work as current path. The electron microscope images (Figure 5-1 and Figure 5-4)
show Ru islands on graphene are connected with increasing of the number of ALD cycles.
High carrier density such as 2.2x10'* ¢m™ which means 0.6 carrier (hole) generation per
one carbon atom in graphene can be controversial. To clarify how much Ru itself can
account for the reduction in sheet resistance of graphene, Ru ALD on SiO»/Si substrate
without graphene was conducted. The sheet resistances of Ru thin films are in Figure 5-
7(a) (circles). If it is assumed that the Ru thin film is electrically connected with graphene
in parallel and there is no doping effect, the sheet resistance of the graphene-Ru composite
can be calculated. Here, the sheet resistance will depend on the coverage of Ru thin film,
and the Ru thin film coverage required to meet the Ru ALD deposited graphene can be
estimated. Considering 20 and 50 cycles of Ru ALD where drastic reduction of sheet

159



resistance starts to occur, the sheet resistance could not be measured at 20 cycles because
a continuous Ru layer was not formed. At 50 cycles, the Ru thin film without graphene has
sheet resistance of about 850 €/sq, compared to 519 Q/sq for as-prepared graphene. Even
with 100 % Ru thin film coverage, the Ru graphene composite gives sheet resistance of
322 Q)/sq, which is more than 2 times higher than that of Ru ALD on graphene. In addition,
50 % and 35 % Ru thin film coverage meet the sheet resistance of Ru ALD on graphene at
100 cycles and 200 cycles. According to Figure 5-1, the deposited Ru coverage seems
lower than the calculated Ru thin film coverage. The effect of Ru itself as a conduction
path is considered to increase as the Ru ALD cycles increased. However, Ru ALD
graphene has only a few percent of Ru coverage by selective deposition and the overall
Hall coefficient for the Ru ALD on graphene was positive. Therefore, drastic decrease of
sheet resistance of graphene after Ru ALD dominantly occurs by doping of graphene.
Consequently, it is evident that low resistance graphene film can be achieved by the Ru
ALD doping. Doping stability is also an important issue in terms of practical application.
Figure 5-7(c) shows the sheet resistance over 8 weeks, which demonstrates the stability of
graphene doping by Ru ALD that is considered one of the major advantages of this process.

Figure 5-7(d) shows the optical transmittance at 550 nm of Ru deposited on graphene
(circles) and on a bare substrate (squares) as a function of the number of ALD cycles. This
confirms that Ru is selectively deposited on graphene, as the transmittance of Ru on
graphene is clearly higher than that of Ru on a bare substrate; i.e., the adsorption of Ru
precursor was suppressed by the basal plane of graphene, while the low transmittance of
the bare substrate clearly indicates that there is no selectivity on non-graphene regions.
This difference in selectivity is further demonstrated by the picture taken after 100 cycles
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of Ru ALD shown in the inset of Figure 5-7(d), in which the high optical transmittance of
the region in which graphene was transferred (as marked in red) can by clearly seen by the
naked eye. Encouragingly, the transmittance only decreased from 97.7 to 92.1 % after 50
cycles, yet this was accompanied by a relatively low sheet resistance of 125 /sq owing to
the high selectivity of Ru deposition. With an increase in the number of ALD cycles,
however, there was a strong decrease in transmittance due to the nucleation and growth of
Ru islands inside graphene grains shown in Figure 5-1(d).

Figure 5-8 shows the work function of graphene, as measured by UPS as a function of
the number of ALD cycles. Figure 5-9 presents the raw data from this UPS measurement.
The first thing to note here is that the increase in work function from 4.6 to 5.1 eV provides
clear proof for the p-type doping of graphene, in that this difference in work function
creates charge transfer between graphene and Ru. More specifically, electrons near the
Fermi energy level (Er) in graphene move to Ru due to its greater work function (4.71—
5.14 eV),'> 13 as well as the fact that the Er of graphene is located at a lower energy level
than before this charge transfer. This mechanism is roughly described in the inset of Figure

1416 and theoretically'> 7 as a

5-7(d), and has been widely accepted both experimentally
basic principle of graphene doping through graphene-metal contact. One thing to note here,
however, is that the work function becomes saturated when the number of ALD cycles is
more than 50, yet the carrier density continues to increase. This implies that simple charge
transfer cannot be the only mechanism of graphene doping, as otherwise the work function
would constantly increase with the number of ALD cycles. Previous theoretical research
has already suggested other doping mechanisms, with it well known that Ru is chemically

adsorbed on graphene and strongly interacts with it.'> '* During this chemisorption, an
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electronic interaction in the form of a hybridization between the m-electrons of graphene
and d-electrons of Ru significantly disrupts the intrinsic linear n-band dispersion of
graphene.'? The result of this has been theoretically demonstrated with various transition
metals adsorbed on graphene to be a change in the density-of-state independent work

function,!® 2

and so it stands to reason that the same mechanism would apply in the case
of Ru-graphene contact created through ALD. This would provide a valid explanation for

the saturated work function with increasing charge carrier density.
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5.3. Comparative study of graphene doped by Ru ALD and Ru

evaporation

To clarify the effect of the selective nature of Ru ALD on the electrical properties of
graphene, Ru was non-selectively deposited onto graphene via evaporation. Figure 5-10(a)
shows the sheet resistance of graphene after this deposition of Ru by evaporation, while
Figure 5-10(b) shows its mobility and carrier density. The sheet resistance constantly
increased with Ru deposition thickness up to 1 nm, but decreased with any further increase
in thickness beyond this. The carrier density data shows that doping of graphene is also
achieved by evaporation, but the reduction in sheet resistance is weaker than was seen with
Ru ALD due to the drastic degradation of mobility. Figure 5-10(c) shows the optical
transmittance at 550 nm as a function of evaporated Ru deposition thickness, which unlike
the data for Ru ALD, was always less than 2.6 + 0.9 % that of the bare substrate. Given
that a single layer of graphene absorbs 2.3 % of light at this wavelength, it would seem
that Ru deposited by evaporation grows non-selectively on both graphene and a bare
substrate.

To compare how the two different growth methods, generate carrier density, the carrier
densities produced with each are shown in Figure 5-10(d) as a function of optical
transmittance. This reveals that graphene with a 0.5 nm-thick Ru deposited by evaporation
has an optical transmittance of 88 %, a carrier density of 3.8x10"* cm? and a mobility of
355 cm?V-!s'l. Graphene after 50 cycles of Ru ALD has a similar optical transmittance of

92 %, but a much higher carrier density (1.1x10' cm?) and mobility (485 cm?V-'s™). In
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other words, the Ru ALD data exhibits a carrier density increase that is one order of
magnitude higher than as prepared graphene, but with Ru evaporation it is only doubled.
To reach the same level of carrier density with evaporation would require a 3 nm-layer
thick layer of Ru, whereas after 50 cycles of ALD, the Ru formed on line defects can reach
heights of 4 nm based on a deposition rate of 0.086 nm/cycle.*° Thus, although it has a
much larger graphene-Ru contact area, 3 nm of Ru deposited by evaporation would have
a similar carrier density to graphene after 50 cycles of Ru ALD. This data clearly indicates
that charge carrier increase predominantly occurs in defect regions, and not in the basal
plane of graphene.

In addition to carrier density, selective deposition also affects carrier mobility. The
mobility decreases by about 66 % with a 0.5 nm-thick Ru deposited by evaporation, but
only by 27 % after 50 Ru ALD cycles and with around 90 % optical transmittance. As Ru
has a much lower mobility than graphene and functions as a scattering center, it is
selectively deposited on line defects where mobility is intrinsically lower. With
evaporation, however, the enhanced scattering on the basal plane of graphene leads to a
more drastic reduction in mobility. In summary, although p-type doping was confirmed
with evaporation, this method was not able to achieve an efficient reduction in sheet
resistance or a high optical transmittance when compared to ALD. The valuable outcomes
of Ru ALD in terms of improving the electrical and optical properties of graphene must
therefore originate from the selective deposition it creates. This not only effectively dopes
graphene and generates a high carrier density, but also minimizes the loss of mobility and
transmittance by restricting the adsorption of Ru onto the basal plane of graphene. The use
of Ru ALD therefore presents a very efficient doping process for TCE applications.
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as a function of deposition thickness. (a) Sheet resistance, (b) density and mobility of

charge carrier, (¢) transmittance at 550 nm, and (d) density of charge carrier as a function

of transmittance (numbers represent evaporated layer thickness and number of ALD

cycles).
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5.4. Summary and conclusions

Highly doped p-type graphene with a high optical transmittance has been successfully
achieved through atomic layer deposition of Ru on graphene. The sheet resistance of
graphene was reduced to 180 and 125 Q/sq after 20 and 50 cycles of ALD, respectively,
with an accompanying increase in carrier density to 5.7x<10'* and 1.1x10'* ¢cm 2. This novel
ex-situ doping process produces very stable results, even over an extended period of
several months. The optical transmittance of graphene is also maintained, decreasing to
just 96.7 and 92.1 % after 20 and 50 cycles, respectively. The increase in the work function
of graphene from 4.6 to 5.1 eV with Ru ALD provided clear evidence of hole carrier
generation as a result of an electronic interaction between graphene and Ru. Finally, it has
also been confirmed that the selective nature of Ru ALD provides a more efficient way of
doping graphene than Ru evaporation, as it helps to minimize the loss of mobility and
optical transmittance. This demonstration of strong and stable doping of graphene with a
high optical transmittance is therefore expected to contribute to the use of graphene as a

TCE, and in other fields.
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Summary and conclusions
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The remarkable electrical property of single crystal graphene is limited in application
because of the synthesis method of single crystal graphene by mechanical cleavage method,
which only produce dozens of um size. The one of the most promising large scaling with
high quality synthesis method is CVD, however, as described in chapter 2, electrical
property limiting factors such as substrate scattering, grain boundary scattering, impurity
scattering and additional damage from transfer process down grade the sheet resistance of
graphene from 30 ohm/sq to 500 ohm/sq. To overcome those limiting factors, numerous
studies were conducted and the doping and increasing grain size are the major research
trends. For clear understanding and accomplish electrical property enhanced CVD
graphene, first, various size of graphene was synthesized from basic study of graphene
growth. 4 different sizes of graphene with 17 ~78 um were synthesized, enlarging its grain
size from decreasing carbon source supply, minimizing heterogeneous nucleation site from
electropolishing process, applying two-step growth method to solve the unfilled gap
between graphene grains which caused by JMAK growth behavior. The various size of
graphene was evaluated by Hall measurement, before and after doping, the resultant shows
that the sheet resistance of graphene is reduced as the average grain size is increased
regardless of doping. The carrier concentration is almost constant over experimental range,
however, the carrier mobility was increased as the average grain size increased, implying
that grain boundary scattering effect is reduced when the grain size increased as previously
reported articles. The experimental data is further analyzed by two different model, ohmic
scaling model which is extracting grain boundary portion by simple numerical calculation
and MS model which is considering grain boundary as a scattering center. It was revealed
that the grain boundary has about 20 % of the sheet resistance portion, and the reflection
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coefficient of graphene is fitted as 0.97 in undoped graphene, tells that in both model
analysis, graphene grain boundary acts as strong scattering center, one of the major
degrading factors on electrical property of CVD graphene. Also, from the conjugated
experiment of doping and enlarging grain size, most effective way for enhancing electrical
property of graphene is that growing dozens of size of graphene and conducting doping
process. Another noticeable presumptive fact from doping and enlarging grain size
conjugated experiment is that the doping process seem to be more efficient on the graphene
grain boundary. In chapter 5, by selective Ru ALD on graphene grain boundary, this
presumptive theory was studied. The Ru p-type dopant was well deposited on graphene
grain boundaries and other defects such as wrinkles and cracks which is confirmed by SEM,
AFM, and TEM analysis. The resultant electrical property of Ru doped graphene by ALD
process is that 180 ohm/sq at 20 cycle, and 125 ohm/sq at 50 cycle, showing more
enhanced electrical property from doped by dipping process in BZ solution in chapter 4.
The doping effectiveness on graphene grain boundary studied further by employing Ru
evaporation which deposit Ru homogeneously all over the graphene plane. The
experimental result shows that Ru evaporation is also act as dopant, however, it turns out
that quantitatively, grain boundary-oriented doping by ALD is more effective in carrier
concentration generation and mobility degrading point of view.

In summary, research on enhancing electrical property of graphene is conducted via
characterizing grain boundary effect and doping. Furthermore, it is found out that the
doping is more effective and doping in grain boundary is even more effective on graphene.
Therefore, this study can contribute to the basic of graphene grain boundary in electrical
property and the doping graphene processes.

175



Abstract (in Korean)
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