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Introduction

Graphene is a two dimensional atomic layer of carbon atoms. It has a liner energy dispersion relation
at low energies, which makes charge carriers of graphene behave as massless Dirac Fermions. While
observation of Dirac Fermionic (relativistic) phenomena normally requires the cosmic space or a
massive accelerator, graphene allows one to observe them in low-energy table-top experiments in a
laboratory. Therefore, graphene has attracted much attention from the fundamental science side.

Besides, from the engineering side, due to high mobility, graphene is expected to be a promising
candidate for the next generation electronic material. The biggest challenge in application of
graphene to electronic devices such as high speed transistors is the formation of transport gap.
Although several methods have been proposed for the transport gap formation in graphene, e.g.,
using graphene nanoribbons and bilayer graphene in perpendicular electric fields, these methods
have lots of technological issues; In graphene nanoribbons, the edge control with atomic precision
is indispensable, but technologically it is quite difficult. In bilayer graphene, suppression of the
leakage current is challenging because the mobility of bilayer graphene is intrinsically smaller than
that of single layer graphene.

Another method for the transport gap formation has been proposed, which avoids the issues
described above. It is based on the strain effect in graphene. In this thesis, we focus on the electron
transport in graphene under local strain.

According to theories of strain effect, for observation of transport gap induced by the strain
effect, control of the spatial variation of strain is essential. So, we first develop a method for creating
a designed local strain in graphene. Here we use resist nanostructures which are placed between
a graphene film and the Si substrate. A graphene film is attached to a non-flat substrate with
patterned resist nanostructures. We aim to experimentally clarify modulation of electron transport
by lattice strain. Here, the amount of local lattice strain is confirmed by Raman spectroscopy, and
transport properties is investigated by four-terminal measurement at room temperature.

Next, we investigate the effect of electron beam irradiation on the graphene transport properties.
In the study of the strain effect, excess electron beam exposure is used for the fabrication of the
resist nanostructures, which might have a great influence on the electron transport in graphene.
Moreover, from the view point of the further improvement of graphene properties, quantitative

evaluation of the defect density is indispensable. The Raman microscopy is commonly used for



the quantification of the defect density in graphene. In graphitic materials, the intensity ratio
of D band to G band reflects the defect density. Here, we studied the relationship between the
Raman Ip/Ig ratio and the electron mean free path by combining the Raman spectroscopy with
the transport measurement.

This thesis consists of five chapters. In Chapter 1, fundamental electronic and transport proper-
ties of graphene as well as the present status of researches related to ours are described. In Chapter
2, basic sample fabrication and measurement techniques are presented. Chapter 3 is devoted to
experiments on the strain effect in graphene. We explain our original methods for introducing
designed local strain to graphene, and describe experimental results on transport measurements
and Raman spectroscopy. Chapter 4 describes the study on the effect of electron beam irradiation
on graphene properties. Here we focus on the relationship between the Raman spectra and the

electron mean free path. Finally, we summarize our study in Chapter 5.



Chapter 1

Theoretical and experimental
background

1.1 Electronic and transport properties of graphene

Graphene consists of a single atomic layer, in which carbon atoms are arranged into a hexagonal
lattice. A carbon atom has four valence electrons. By using three of them, carbon atoms are bound
forming sp?-hybrid orbitals in the plane. The fourth electron which occupies the p.-orbital takes
a role as a carrier in electron transport. In the following, the electronic structure of graphene is

considered based on the nearest neighbor tight binding approximation.

1.1.1 Liner dispersion relation in graphene

A unit cell of graphene includes two carbon atoms, each of which belongs to A- or B- sublattice,

as shown in Fig 1.1(a). The real space unit vectors are given by
— a — a
3‘1:5 \/571 ) 3225 \/§7_1 )

where a = 2.46 A is the lattice constant. The nearest-neighbor vectors are

— 1 1 — 1 1 — 1
Ri=al—=,-), Ro=a(——=,—=), Ry=al—-——,0).
! a(2\/§ 2> 2 a<2\/§ 2> s a< \/g )

The corresponding reciprocal lattice vectors are given by

— 2/ 1 — 2n (1
bi=—[—,1], by=—(—,—-1]).
=T () =R (E)

Figure 1.1(b) shows the Brillouin zone of single layer graphene (hexagon), in which I ; K (K’), and
M are the center, the corner and the center of the edge of the brillouin zone, respectively.

Two Bloch functions are generated for A- and B- sublattice and are given by

Pp(r) = Nevi > e*Brg(r — Ry),
RA
Pp(r) = L > e*Fso(r — Rp),
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Figure 1.1: (a) Graphene’s honeycomb lattice. It is made out of two triangular sub-lattices. A
unit cell, indicated by broken lines, has two carbon atoms, each of which belongs to the A- or
B-sublattice. a; and ag are unit vectores. R; (i = 1, 2, 3) is a nearest neighbor vector. (b) Solid
hexagon indicates the first Brillouin zone. b1 and by are reciprocal lattice vectors. T', K (K’), and
M are the center, the corner and the center of the edge of the Brillouin zone, respectively.

0 —t Dirac point

Figure 1.2: Energy dispersion relation of graphene. At the K and K’ points, liner dispersion relation
appears. After Ref. [1].

where ¢ is a wave function for an isolated carbon atom and M is the number of unit cells in the
crystal. The wave function for the whole crystal is taken to be a linear combination of the above

Bloch functions
\I/(R) = /\1@A(T) + /\QCI)B(’I‘),
where A1 and Ay are constants of the liner combination. The eigenvalue of the Schrodinger equation

HU = EY,



is given by

< VIH|V >
< U >
The minimum energy satisfies the following equations,
OE  O0F
oN; 0N
Thus, A\] and A} satisfy the following equations,
M(< PAH|DPA > —FE < PA|PA >) + Aa(< PA|H|Pp > —FE < Op|Pp >) =0, (1.1)
AM(< Pp|H|PA > —F < P[P >) + Xo(< Pp|H|Pp > —F < &p|Pp >) =0, (1.2)
Here we take the nearest neighbor approximations:
1 ,
< Oa|H|®p >=< p|H|C5 > ~ - S R EBARA) < o(r — Ry)|Hlp(r — Ry) >
Ra=R,,
1
= MME
= 6,
1 .
< B[Py >=< Dpl0p > ~ > eFEATRA) < o(r — Ry)|p(r — Ra) >
Ra,R,,
1
= —M=1.
M

where € =< p(r — Ra/)|H|p(r — Ra) >, and we focus on a term only for Ry = Ra/, because it
makes the largest contribution to the sum. We approximate the overlap integrals and the transfer

integrals by considering only the contributions of the nearest neighbor atoms:

1 )
< Dp|H|Pp >=< Bp|H|®x > = > MEsTRA) < o(r — Ry)|H|p(r — Rg) >
R ,Rp

1 . . ,

MM(e”'ﬁR1 + etkR2 eZkR3) < ¢(r—(Rp+ Ry))|H|e(r — Rp) >
(

1

Q

= [f(k)t,
< Dp|Pp >=< Pp[@y >T = - > FEsTR) < o(r — Ry)|o(r — Rg) >
RA,Rp
MR MR 4 GRR) < o(r (R + Ra))lp(r — Rs) >
= f(k)s,
where
f(k) = e*Ri g (ikRa y GikRs

92etkxa/2V3 g (k:;a) + eiikxa/\/ga

t = <¢(r—(Rg+ Ry))|H|p(r — Rp) >=1t",

s = <g(r—(Rs+ Ri))|lp(r — Rp) >=s".



Substituting these approximations in equations (1.1) and (1.2), we get

( e~ E @—EQﬂM)(Al):O
(t—Es)f(k)*  e—E Ao !

When A} and A\j have non-trivial solutions without zero, the following equation is satisfied:

‘ e—F (t — Es)f(k)

(t— Es)f(k)*  e—E ‘—Q

By solving for E, one obtains the following dispersion relation,

o eitw’
14+ sw

where

w=+/|f(k)? = \/1 + 4cos2(kyg) + 4cos(kyg) cos(k:x\/ga).

For low energies, the dispersion relation around K and K’ points becomes linear, as shown in
Fig. 1.2. At the K and K’ points, the top of the conical valence band is connected to the top of
the conical conduction band. Thus, graphene is zero-gap semiconductor (zero-overlap semimetal).
The connecting point is called the Dirac point, where the Fermi energy of non-doped graphene is
situated. For this reason, the carriers (conduction electrons and holes) in single layer graphene

behave as massless Dirac fermions, obeying the relativistic Dirac equation.

1.1.2 Gate voltage dependence of transport properties

Due to the conical linear dispersion relation near the Dirac point € = hvpk, the density of states

of graphene is proportional to the energy e: D(e) = W(hzlfF)Q. Thus, graphene’s transport properties

are strongly affected by the change of the Fermi level. Besides, due to the massless feature of

carriers, carrier mobility is much higher than that of Si. For these reasons, graphene is a promising
candidate for a next-generation electronic material.

For controlling the Fermi level, the field-effect-transistor (FET) structure with back gate (Fig.
1.3(a)) is commonly used, in which a graphene film is placed on a highly-doped Si substrate covered
with an insulating layer SiO2 and is connected with electrodes. The highly-doped Si substrate is
used as the back gate, which allows one to control the carrier density and the position of the Fermi
level, as shown in Fig. 1.3(b).

Figure 1.4 shows an example of the gate voltage dependence of transport properties in a
graphene FET device placed on an SiOs/Si substrate. The conductivity (o) curve exhibits a
V-shaped characteristic with a minimum corresponding to the Fermi energy situated at the Dirac
point (Fig. 1.4(a)). This is the common feature of graphene FET devices placed on a SiOy/Si

substrate.
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Figure 1.3: (a) Side view of a typical graphene FET device. Graphene film is placed on a highly
doped Si substrate covered with an SiOj layer. Doped Si is used as a back gate. (b) Fermi level in
graphene is controlled by the gate voltage.
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Figure 1.4: (a) Gate voltage dependence of conductivity of a graphene FET device placed on a
Si02/Si substrate. Conductivity curve shows a V-shaped characteristic with a minimum corre-
sponding to the Dirac point. The carrier mobility (b) and the mean free path (c) are also shown
as a function of the gate voltage. After Ref. [1].



From the gate voltage dependence of conductivity, one can obtain the carrier field-effect mobility

purE and the carrier mean free path ! by using these formulas[1]

_ldo 1 do
HFE = edn cg AV’
. h o

37 Jne
Here, n is the carrier density and ¢, = €€g/d is the gate capacitance per unit area. €y and € ~ 4 are
the dielectric constant of the free space and the relative dielectric constant of SiOs, respectively,
and d is the thickness of the SiO; layer. For a gate voltage (V) which is far from the gate voltage
corresponding to the Dirac point, Vp!, the carrier density is given by

n = Vs = Vbl = a|Vy — Vp|.
e
For an SiOz layer with d = 300 nm, « is 7.2 x 10 /m?V.

The mobility and mean free path calculated from the above expressions are shown in Figs.
1.4(b) and (c), respectively. The mobility sometimes reaches 10,000 cm?/Vs even in a device
without special treatment, which is larger than the typical mobility of silicon (~ 10% cm?/Vs). It is
noted that near the Dirac point, due to the charged impurities attached to the graphene surface, the
value of the carrier density deviates from the above expression, so that the values of the mobility
and mean free path near the Dirac point in Fig. 1.4 (inclusive of the diverging behavior) are not

accurate.

1.1.3 Discrepancies between theories and experiments on transport properties

At the early stage of the graphene research, several discrepancies were pointed out between theoreti-
cal predictions and experimental observations of electron transport. One of them is the conductivity
at the Dirac point. As shown in Fig. 1.4, even when the gate voltage is at the Dirac point which
corresponds to zero carrier density, the conductivity does not vanish. A. K. Geim’s group at the
University of Manchester [2] reported that their samples exhibited the same minimum conductivity
Omin ~ 4€?/h =~ 1.6 x 107* S (=~ (6.4 kQ)~!), while P. Kim’s group at Columbia University re-
ported the minimum conductivity 2 — 12¢2/h.[3] On the other hand, many theories predicted that
the minimum conductivity takes a universal value 4e?/mh.[4, 5, 6] Most of this kind of discrepancies
between theories and experiments have been attributed to an influence of potential fluctuations due
to charged impurities.

Martin et al. pointed out the existence of nonuniform charge distribution (electron and hole

puddles) in single layer graphene placed on SiOs.[7] Figure 1.5 shows a color map of the spatial

!The gate voltage corresponding to the Dirac point, Vb, is often called simply the Dirac point or the charge
neutrality point.
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Figure 1.5: Color map of the spatial density variations in a graphene film. After Ref. [7].

variation of the carrier density in graphene on SiOs at the charge neutrality point, obtained by
scanning single electron transistor (SET) spectroscopy. Although the average carrier density is
tuned to zero, electron and hole puddles (blue and red regions, respectively) are clearly seen,
indicating that one cannot reach the Dirac point with zero carrier density in experiments. Later, a
scanning tunneling microscopy (STM) study revealed that the spatial charge inhomogeneity (and
the resulting formation of electron and hole puddles around the charge neutrality point) is caused
by charged impurities on the graphene film, indicating that in experiments, charged impurities
exert great influence on electronic and transport properties of graphene near the charge neutrality
point.

Adam et al.[8] examined theoretically the influence of a long-range scattering from charged
impurities on transport properties of graphene. Their theory successfully explained the V-shaped
o — Vg curve and the value of the minimum conductivity in graphene placed on a SiO2/Si substrate.
In their theory, the conductivity of graphene dominated by long-range scattering due to charged
impurities is given by

2

e* nx
= for |n—n|<n*
_ n;
oln—n)= o P (1.3)
TR gy |n —n >n*’
h Nimp

where n* is the residual carrier density, which can be determined experimentally from the width
of the residual conductivity plateau, as shown in Fig. 1.6 (a), n = aVp is an offset carrier density,

and nimp is the density of charged impurities. The constant C' depends on the substrate material

and is given by
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Figure 1.6: (a) Gate voltage dependence of conductivity taking into account the influence of long-
range scattering from charged impurities. (b) A graphene film is sandwiched between two dielectric
slabs (materials 1 and 2) with dielectric constant €; and ep. After Ref. [1].
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Figure 1.7: The conductivity as a function of gate voltage for the pristine sample and three different
doping concentrations, taken at 20 K in ultra high vacuum. The addition of charged impurities by
potassium doping produces a more liner o(V;), and reduces the mobility. After Ref. [9].

where

Glz] = 72 <7T 4+ 30— 3ma® 4 z(322 — 2) arccos[l/x]>7
4 2 xZ -1

and rg is the dimensionless coupling constant of graphene sandwiched between two dielectric slabs

(Fig. 1.6(b)). By using the dielectric constant €; and e, rs can be written as

1 et 2
_47‘(’60?1’()}761-1-627

Ts

where v = 1.1 x 10% m/s it the Fermi velocity. For graphene placed on an SiOy substrate, e; = 1
and ey & 4, giving C' ~ 20.

From Eq.(1.3), the minimum conductivity is given by

Omin — Cé i )
h Nimp
and the mobility has the form
e 1
=C-— . 14
= (1.4)

The effect of charged impurities on transport properties of graphene was clearly demonstrated
by Chen et al.[9] They deposited potassium atoms on a single graphene sample placed in a vacuum
chamber, and measured the transport properties in situ with different potassium concentrations.
The potassium atoms donate negative charge to graphene and work as positively charged impurities.

Figure 1.7 shows the experimental result obtained by Chen et al., in which the conductivity is
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Figure 1.8: Raman spectrum of single layer graphene. Raman D band, G band and 2D band are
placed at ~ 1350 cm ™!, ~ 1580 cm™! and ~ 2680 cm™!, respectively.

plotted as a function of the gate voltage for four different doping concentrations, taken at 20 K in
ultra high vacuum. The doping concentration increased with doping time. The addition of charged
impurities produces a more liner (V}), and reduces the mobility, with the constant punim, = 5x 10%°

/Vs, in excellent agreement with Eq. (1.2).

1.2 Raman spectroscopy of graphene

Raman spectroscopy is a widely used method for investigating physical and chemical properties of
materials, including graphene. In graphene researches, Raman spectroscopy is an important tool
because it gives information about the number of graphene layers, defects, lattice strain and so on
in a nondestructive way.

Typical Raman spectrum of single layer graphene is shown in Fig. 1.8. The horizontal axis is
the difference of wavenumber between the incident and scattered lights, called the Raman shift.
Three characteristic peaks are seen in graphitic materials, called D band (~ 1350 cm™!), G band
(~ 1580 cm~!) and 2D band (~ 2680 cm™1!).

e Raman D band is situated at ~ 1350 cm~!. This is a double resonance process as depicted
in Fig. 1.9(a), which involves one phonon scattering and an elastic scattering by a defect.
The latter arises from various symmetry-breaking defects, such as vacancies, substitutional

impurities, interstitial impurities, chemical impurities, grain boundaries.

e Raman G band is situated at ~ 1580 cm ™!, which is present for all sp? carbon systems. It
is due to the LO and TO modes of graphite honeycomb vibration, which degenerate at the
center of the Brillouin zone (Fig. 1.9(b)).

10
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Figure 1.9: (a) Raman D band process involves one phonon scattering and an elastic scattering by
a defect. (b) The G band corresponds to an in-plane vibration mode. (¢) The 2D band originates
from a double resonance process with two phonon scattering.
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Figure 1.10: (a) Raman spectra of a graphene FET device for top gate voltages ranging between
—2.2 V and 4.4 V (b) Position of the G peak (top panel) and its full width at half maximum
(FWHM) (bottom panel) as a function of electron concentration. (c¢) 2D band position as a function
of the electron concentration. After Ref. [10].

e Raman 2D band is situated at ~ 2680 cm~!. It originates from a double resonance process

with two phonon scattering (Fig. 1.9(c)).

1.2.1 Gate voltage dependence of Raman peak positions

Since the Raman scattering involves excitation of an electron-hole pair by the incident light, the

Raman shift depends on the density of states and the Fermi level of the material. Das et al. observed

12



the modulation of Raman peaks by the carrier concentration.[10] Figure 1.10 shows Raman spectra
of graphene as a function of top-gate voltage. For low concentration of carriers (|n| < 103 cm™2),
the position of Raman G band strongly depends on the carrier density (Fig. 1.10(b)), while that
of Raman 2D band exhibits smaller change (Fig. 1.10(c)). We note that the carrier density of
In| < 103 em™2 corresponds to |V,| < 100 V for back-gated graphene with conventional 300

nm-SiOs gate insulator .

1.2.2 Strain dependence of Raman peak positions

Raman G and 2D bands are sensitive to strain in graphene lattice. For tension, both the G and 2D
bands downshift. Besides, Raman G band splits into two components G+ and G— with increasing
tension.

For example, Mohiuddin et al. applied uniaxial strain to graphene by placing a graphene
film on a flexible substrate (Fig. 1.11(a)).[5] The downshift of the G and 2D peak positions as
well as the splitting of the G band were clearly observed, as shown in Fig. 1.11(b). The ratios
of peak downshift for Raman G+, G—, and 2D bands are ~ —10.8 cm™!/%, ~ —31.7cm~/%,
~ —64cm ™1 /%, respectively, as shown in Fig. 1.11(c). It is noted that ratios obtained by different
authors can differ by a factor of 2 or more.[12] Since the 2D band position is relatively insensitive
to the gate voltage for low carrier concentrations as described in the previous section, we use the

2D band for the estimation of the amount of strain.

1.2.3 Dependence of Raman spectra on the number of graphene layers

Raman spectroscopy is a widely-used and reliable method for the determination of the number of

graphene layers, m. The followings are convenient ways to identify single layer graphene:
(1) The 2D peak is higher than the G peak for m = 1, while this is not the case for m > 2.

(2) The 2D peak of single layer graphene is fitted to a single Lorentzian, whereas thicker graphene
with m > 2 has a much broader 2D band because of the splitting of electronic bands (Fig.
1.12). Thus, at high resolutions, the 2D band of m > 2 graphene splits into different subpeaks.
The typical full-width at half maximum of the 2D band for single-layer graphene is ~ 30 cm™!,

while that for m > 2 graphene is ~ 60 cm ™.

1.2.4 Effect of disorder on Raman spectra

Due to high mobility and atomic thickness, graphene is a promising candidate for the next-
generation electronics material. Considerable effort has been devoted to industrial production
of graphene with higher mobility, i.e., with less defect density. The defect density is commonly

evaluated by Raman spectroscopy. It is known that the the intensity ratio of Raman D band

13



(b)

LA T, T T T T T T 00 01 02 03 04 05 06 07 08 09 10 11 12 13
G G A 2D B 1595 —r——r————r—————T——T ——

LA DA B B |
0w /0g ~-10.8 cm'/%4

1590 - (] 1
-31.7 cm'/4

1585 I
1580 I
1575 I
1570 I

1565

Pos(G",G)(cm™)

1560

Intensity (arb. units)

1555

1550
2700

2690

G

2680

. . . . L | ) L
1560 1575 1590 2600 2625 2650 2675 2700 2670
Raman shift (cm™) Raman shift (cm™) 2650 3

2650

2640

Pos(2D) (cm™)

2630
2620

2610

2600 - —

00 01 02 03 04 05 06 07 08 09 10 1.1 12 13
Strain(%)

Figure 1.11: (a) Experimental setup for application of strain to graphene. A graphene film is placed
on a flexible substrate and uniaxial strain is applied with two- or four-point bending apparatus.
(b) Raman spectra near the G and 2D peaks as a function of the uniaxial strain. The G peak splits
in two subbands G+ and G—, while the 2D peak does not split. (c) Position of G and 2D peaks as
a function of the uniaxial strain. After Ref. [5].
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Figure 1.12: Raman 2D peaks for an increasing number of graphene layers along with HOPG as
a bulk reference. The dashed lines show the Lorentzian peaks used to fit the data; the solid lines
are the fitted results. On the left, the value for the splitting from bilayer graphene up to HOPG is
presented. After Ref. [13].
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Figure 1.13: (a)Raman spectra of single layer graphene after various numbers of applied oxygen
plasma pulses, N.. The spectra are offset vertically for clarity. (b) Ip/Ig and Isp/Ig as a function
of Ne. The low-defect-density regime (stage 1, N < 13) and the high-defect-density regime (stage
2) are seen. After Ref. [19].

(~ 1350 ecm™!) to G band (~ 1580 cm™!), Ip/Ig, reflects the amount of disorder in graphitic
materials.

According to the three-stage classification of disorder, known as amorphization trajectory [14,
15], for crystalline graphite evolving into nanocrystalline graphene (stage 1), In/Ig increases with
the increase of disorder. Then, when nanocystalline graphite becomes mainly sp? amorphous carbon
(stage 2), In/Ig decreases. Stage 3 in the original amorphization trajectory for bulk graphite is
characterized by further decrease in Ip/Ig. For graphene, stages 1 and 2 are relevant.

The evolution of the I'n/Ig ratio by disorder has been reported by several authors.[16, 17, 18, 19]
An example is shown in Fig. 1.13, in which the disorder is introduced by accumulated oxygen plasma
pulses.[19]

For the quantitative evaluation of the amount of disorder, one needs to know the relationship
between the Raman I /I ratio and a physical quantity that characterizes the disorder density. So
far, two cases are reported for the low-defect-density regime (stage 1), in which a crystalline size

and an average distance between defects are used as relevant physical quantities.
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Evaluation of defect density

(1) Crystalline size (3D nanographene)
In 1970, Tuinstra and Koenig [16] performed systematic Raman and X-ray diffraction studies of
many graphitic samples with different in-plane crystallite sizes L,. They found that the Ip/Ig
ratio was inversely proportional to the crystallite sizes Lj:

In _CM)

Ic Ly’

where the constant C' for laser wavelength A\ = 514 nm is ~ 4.4 nm. L, was estimated from the
width of the X-ray diffraction peaks. This relationship can be roughly understood with the fact
that the number of carbon atoms in the crystalline, which contributes to I, is proportional to L2,
while the number of carbon atoms at the interface, which contributes to Ip, is proportional to L.
(2) Average distance between structural defects
In 2010, Lucchese et al. studied the relationship between the Raman Ip/Ig ratio and the dis-
tance, Lp, between the structural defects which were induced by low energy (90 eV) Ar+ ion
bombardment.[18] They obtained the following relationship for low defect densities:

In  C'(N)

Ie L%

Here, Lp was estimated from the scanning tunneling microscope (STM) observation, and C’ was
102 (nm?) for laser wavelength A = 514 nm.

This relationship is phenomenologically understood with the following model.[18] Here, one
assumes that each defect produced by the ion bombardment involves M carbon atoms, which
contribute to the Raman D band. When the defect density, Dp, is so small that the overlap
between defect-affected areas can be ignored, Ip/Ig is proportional to M x Dp. Since M is
constant, Ip/Ig o< Dp o< 1/Lp>.

For obtaining information on transport properties from Raman spectroscopy, one needs to know
relationship between Raman spectra and a physical quantity that characterizes the transport. In
this thesis, a relationship between the Raman Ip/Ig ratio and the carrier mean free path will be
derived. The reason we focus on the electron mean free path is the following. The mean free
path reflects the density of all kinds of defects, so that this would be the most suitable quantity
for characterizing the defect density. Furthermore, it can be easily estimated from the transport

measurement.

1.3 Band gap formation in graphene

To take advantage of remarkable properties of graphene such as high mobility and large field effect

for next generation electronic devices such as FETSs, opening a band gap is indispensable. Several
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Figure 1.14: Schematics of (a) armchair and (b) zigzag graphene nanoribbons. The empty circles
denote hydrogen atoms passivating the graphene edges. N, and N, denote the number of carbon
atoms in the ribbon width in armchair and zigzag nanoribbons, respectively. After Ref. [20].
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Figure 1.15: Ribbon width dependence of band gap in graphene nanoribbons within the tight
binding approximation (a) and within the the first-principles calculation (b). After Ref. [20].

methods have been proposed for the band gap formation, including graphene nanoribbons and
bilayer graphene under perpendicular electric fields. In this thesis, we deal with a relatively new
and unexploited method in which graphene lattice strain plays a crucial role. In the following, the
present status of two well-known methods for the band gap formation is reviewed, and theoretical

predictions for gap formation using lattice strain are described.

1.3.1 Graphene nanoribbons

In narrow graphene strips, called graphene nanoribbons, confinement of carriers leads to band gap
opening around the Dirac point. Two structures, armchair nanoribbons (Fig. 1.14(a)) and zigzag
nanoribbons (Fig. 1.14(b)) have been intensively studied theoretically.

The magnitude of the band gap depends on the edge structure and ribbon width. The calculated
band gaps of armchair nanoribbons within the tight-binding approximation are shown in Fig.
1.15(a).[20] When the number of carbon atoms in the ribbon width, N,, satisfies the relation,
N, = 3p+ 2 (p is a positive integer), the graphene nanoribbon behaves as a metal. If N, takes
other values, the graphene nanoribbon shows semiconducting properties. The energy gap Ay, is

inversely proportional to the width in each group, N, = 3p or Ny, = 3p 4+ 1. For a particular value

18



Figure 1.16: SEM images of graphene nanoribbons. (a) Parallel graphene nanoribbons with varying
width. (b) Ribbons of uniform width and varying relative orientation. After Ref. [21].

of p, Ay, yields a relationship,
Azp > Azpy1 > Agpio = 0.

On the other hand, zigzag nanoribbons in the tight-binding approximation are metallic and have a
flat band at € = 0. The flat band appears due to the localization of the wave function near zigzag
edges, and its amplitude decays into the center of the nanoribbon.

In first-principles calculation using the local (spin) density approximation (LSDA), energy gap
depending on the ribbon width appears both in zigzag and armchair nanoribbons.[20] In the case

of the armchair edge (Fig. 1.15(b)), the magnitude of the gap has a relationship:

Agp > Agpi1 > Agpya(F# 0).

The difference from the tight-binding results is caused by deformation of the graphene lattice at the
edges due to the hydrogen passivation. On the other hand, the results for the armchair nanoribbons
show an energy gap which is well fitted by

Agy = 0.933 ’
wnm] + 1.5
for ribbon width w > 1 nm.

Experimental transport properties of graphene nanoribbon were first reported by Han et al. in
2007.[21] In this experiment, two different types of the graphene nanoribbon devices were fabricated
by electron beam lithography followed by oxygen plasma etching using a negative tone electron
beam resist (hydrogen silsesquioxane, HSQ). One kind of devices contained many ribbons with
varying width running parallel (Fig. 1.16(a)). The other had ribbons of uniform width and varying
relative orientation (Fig. 1.16(b)). The nanoribbon widths ranged from 10 to 100 nm and the
lengths were 1 — 2 pum. Transport measurements showed suppression of the conductance near the
charge neutrality point, which enhanced at lower temperatures and in narrower ribbons (Fig. 1.17),
but the dependence of the orientation was not observed. The authors attributed the suppression
of conductance to the existence of the energy gap, which was well fitted by

a

E,=——,
w + w*
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Figure 1.17: (a) Schematic energy band diagram of a graphene nanoribbon with applied bias
voltage V4. The current I was controlled by both source-drain bias 14, and gate voltage V. (b-d)
The differential conductance (dI/dV') of three representative graphene nanoribbons of width of 22,
36, and 48 nm as a function of V4, and V; measured at T' = 1.6 K. The dark color corresponds to
low conductance, indicating the suppression of the conductance near the charge neutrality point.
(e) Inverse of energy gap E, vs the ribbon width W with a liner fit of the data. After Ref. [21].
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Figure 1.18: Schematic illustration of graphene nanoribbon with edge roughness. The edge rough-
ness forms necks and dots. After Ref. [22].
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Figure 1.19: Comparison between experimental data of Ref. [21] (dots) and the theoretical result
(solid curve). After Ref. [22].

where w is the ribbon width, a = 0.2 eVnm and w* = 16 nm. Here w* is the inactive width at-
tributed to localized states near ribbon edges caused by structural disorder from sample fabrication
processes. Later, Sols et al. [22] showed theoretically that the data obtained by Han et al. can
be quantitatively explained by the Coulomb blockade effect caused by the edge roughness. They
considered that the structure shown in Fig. 1.18, in which the edge roughness forms the necks and
dots, caused the Coulomb blockade effect. Figure 1.19 compares the experimental data of Han et
al. with the theoretical result taking into account the Coulomb blockade effect.[22]

The existence of Coulomb blockade effect in graphene nanoribbons has been experimentally
confirmed by several groups. Figure 1.20 is an example [23], which shows the irregular Coulomb
diamond structure with gate voltage modulation of the current voltage characteristics around the
origin. This result indicates the existence of several quantum dots in the ribbon. A similar behavior

in a graphene nanoribbon was reported by Miyazaki et al.[24]
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Figure 1.20: (a) SEM image of graphene nanoribbon 250 nm in length and 40 nm in width. Dashed
red lines are guides to the eye indicating the boundary of the etched area. (b) Logarithmic map of
the differential conductance (dI/dV') vs back gate voltage and source-drain bias, showing conduction
gap. (c¢) dI/dV over a smaller range, showing the irregular Coulomb diamond structure. After Ref.
[23].

Besides, Han et al. investigated the temperature dependence of conductance minimum in litho-
graphically defined graphene nanoribbons with different geometrical capacitances. They observed
that thermal activation energy heavily depended upon the capacitance at high temperatures (Fig.
1.21), indicating that the Coulomb blockade effect provided a substantial portion of the observed
energy gap.

A similar results has been observed in chemically derived nano ribbons. These results show that
the Coulomb blockade effect dominates over the effect of confinement, indicating that the mobility
of nanoribbons is significantly suppressed in experiments. This is not favorable for the electronics

applications.

1.3.2 Bilayer graphene in perpendicular electric fields

In bilayer graphene under perpendicular electric fields, a band gap opens between the conduction
and valence bands, even without any structural confinement.[26] This is due to breaking of the in-
version symmetry between two layers by applying an electric field perpendicular to bilayer graphene
plane. The theory assumed that the bilayer graphene has AB (Bernal) stacking structure, as shown
in Fig. 1.22, in which the B-sublattice of the top layer sits on top of the A-sublattice in the bottom
layer. Theoretical prediction shows that the band gap depends on the electric field and reaches
~ 300 meV (Fig. 1.23).[26]

Experimentally, an electric field is applied by chemical doping on graphene [27, 28] and/or
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Figure 1.21: Temperature dependence of the conductance minimum for dual gated (circles) and
back gated (triangles) graphene nanoribbons with the similar width and length. The dashed lines
are Arrhenius fits in the high temperature regime. (Inset) SEM images of back gated (left) and
dual gated (right) devices. Scale bar represents 500 nm. After Ref. [25].
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Figure 1.23: Energy gap as a function of the potential difference U,,; between the two layers. After
Ref. [26].
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Figure 1.24: Schematic illustration of dual-gated bilayer graphene FET. Bilayer graphene is sand-
wiched between top and bottom gates. After Ref. [26].

by gate electric fields.[29, 30, 31, 32, 33] In the former case, ammonia and potassium have been
used as the dopants adsorbed on graphene, while in the latter, a dual-gate structure (Fig. 1.24) is
employed.

So far, band gap formation has been confirmed in optical spectroscopic measurements such as
angle-resolved photoemission spectroscopy (ARPES) [28] and infrared spectroscopy.[30, 31] The
observed band gap depended on the gate electric field and reached ~ 200 meV which agreed well
with the theoretical prediction.

On the other hand, in the first paper on transport measurement [29], although an insulating
behavior was observed with the increase of resistance in lowering temperature, the temperature

dependence of resistance at low temperatures (below 50 K) was not the thermal activation type,
G x exp(—e€a/kpT),

which is regarded as a direct evidence of the band gap opening with the gap magnitude of €5 = 2¢,,

but of the variable range hopping type,

ol

G x exp(—(Ty/T)3),

which is typically observed in strongly disordered two-dimensional systems. (kp is Boltzmann
constant, 7" is temperature, and T}, is a constant.) It was claimed that the experimentally obtained
band gap was below 10 meV, despite that the device structure was similar to those used in Ref.
[30], which reported a band gap over 200 meV in optical spectroscopy.

Later, Miyazaki et al. [33] showed that the temperature dependence of the conductance between
77 K and 200 K was explained as the sum of the thermally activated conduction and the two-

dimensional variable range hopping conduction,

=

G = Crexp(—(€ea/kBT)) + Coexp(—(T1/T)3)

where, 1 and Cy are constants. They found that the energy gap, €, = 2¢,, agreed with the
theoretical value for electric field values ranging 0 — 1.3 V/nm, and was unrelated to the mobil-

ity of bilayer graphene. However, the variable range hopping caused current leakage, leading to
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degradation of the FET operation. They demonstrated that the contribution of variable range
hopping becomes smaller in bilayer graphene with higher mobility. These results indicate that
increasing mobility and/or applying higher electric fields is crucial for improving the performance
of the bilayer graphene FETs. Here, we note that single layer graphene exhibits higher mobility

than bilayer graphene does, due to the massless feature of carriers.

1.3.3 Energy gap formation using lattice strain

Although above two methods are major candidates for the method of band gap formation, there are
serious problems as already described: In graphene nanoribbons, the band gap is strongly influenced
by the geometry of graphene nanoribbon, such as a ribbon width, edge orientation, edge structure,
and chemical termination of edges. Thus, edge formation with atomic precision is required, while
real graphene nanoribbons have edge roughness which exerts serious influence on electron transport.
As for bilayer graphene under perpendicular electrical fields, a significant amount of the leakage
current has been observed due to the intrinsic low mobility. For the successful application of bilayer
graphene to FETs, improvement of mobility is required.

In this section, another method of transport gap formation which uses lattice strain is intro-
duced.

Strain effect in graphene

Due to Dirac fermionic properties of charge carriers in graphene, mechanical strain in graphene
lattice produces a vector potential: Here, we assume that due to lattice strain, the nearest neighbor
transfer integrals (hopping parameters) take different values, ¢1, t2, and ¢3 for the nearest neighbor
vectors (a/2v/3,a/2), (a/2v/3,—a/2) and (—a/+/3,0), respectively. The tight binding approxima-

tion leads to the following effective Hamiltonian for electrons around K point:
H = §(—ilwpV — A),
where & is the Pauli matrices:

(o1 (0 —i
2=\ 1 0 ) YT\l o )

and the resultant vector potential is given by

w

A, = 7(753—152),
1
Ay = §(t2+t3—2t1).

Thus, strain leads to a gauge field similar to that in electrodynamics.[34]



In a weakly deformed lattice in which the interatomic distance is close to that of unstrained

graphene, the strain-induced vector potential is given by

A= é Upz — Uyy
a —2Ugy ’

using the two-dimensional strain field:

_ Oug _ Ouy
Ugy = 8:13 ) uyy - Ty7

wyy = L (Dt DUy
W2\ oy or )’

Here, a is the lattice constant, § = 0Int/dIna ~ 2, (usz,uy) is the atom displacement, and the

x-axis is chosen along the zigzag direction of graphene lattice.[35] Such vector potential horizontally
shifts the Dirac cones, as a usual vector potential does. Here we note that the Dirac cones located
at K and K’ points are shifted in the opposite directions, which confirms that the time-reversal
symmetry is not violated by strain-induced vector potentials.

Additionally, one can expect that strain-induced vector potential generates a pseudomagnetic
field Bk,

04, 0A,

S 0z oy

(1.5)

In contrast to the (real) magnetic field, the pseudomagnetic field has opposite signs for graphene’s
two valleys K and K’. From this formula, we can see that By can be created only by non-uniform
shear strain. Indeed, an isotropic strain leads to A = 0 and a uniform strain leads to A = const,
both of which yield zero Bs.

Experimentally, the existence of the pseudomagnetic field was demonstrated by Levy et al. in
2010.[36] They performed scanning tunneling spectroscopy (STS) of graphene nanobubbles, which
were formed in CVD-grown graphene on a platinum (111) surface (Fig. 1.25(a)). On the top of a
graphene nanobubble, Landau levels corresponding to a pseudomagnetic field of more than 300 T
was observed (Fig. 1.25(b)).

Theories tell that nonuniform lattice strain can be used for the transport gap formation in
graphene.[35, 6] So far, two methods have been proposed. The first uses triangular periodic strain
fields [35] and the second uses one-dimensional local strain.[6] These strains for gap formation are
expected to be realized not by cutting graphene but by patterning the substrate. Therefore, electron
transport will not be limited by the existence of rough edges, and, in principle, high mobility is

expected. In the following, these two methods are briefly explained.

Theoretical prediction 1 : Strain superlattice with triangular symmetry

Guinea et al. [35] suggested a concept for band gap formation by strained graphene superlattice.

When a graphene film is placed on top of a corrugated substrate which has a triangular landscape,
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Figure 1.25: (a) STM image of graphene monolayer patch on Pt(111) with four nanobubbles.
(Inset) High-resolution image of a graphene nanobubble. (b) STS spectra of bare Pt(111), flat
graphene on Pt(111) and the center of graphene nanobubble. After Ref. [36].

(a)

Figure 1.26: (a) Strain with triangular symmetry can be created by placed a graphene film on
a corrugated substrate. (b) The distribution of pseudomagnetic field. (c) The resulting energy
spectrum, showing the multiple gap at higher energy. After Ref. [35].

as shown in Fig. 1.26(a), the resulting pseudomagnetic field forms a superlattice, as shown in
Fig. 1.26(b). Figure 1.26(c) shows the resulting energy spectrum, in which continuous bands of
electronic states appear close to zero ¢, while at higher ¢, multiple gaps are seen. For the lateral
periodicity of 40 nm and maximum strain of 0.1%, the pseudomagnetic field reaches By = +0.5
T, and the gap at high energies are over 10 meV. Smaller period as well as larger strain leads to

increase of the gap.
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(a) (b) (c)

Figure 1.27: (a) Schematic illustration of graphene with one dimensional local strain. Red arrow
represents incidence of an electron. (b) Dirac cones of graphene portions with strain (red) and with-
out strain (gray). (c) Gate voltage dependence of conductance in graphene with one dimensional
local strain. Conductivity vanishes within a certain gate-voltage range.

Theoretical prediction 2 : One dimensional local strain

In a theory suggested by Pereira and Neto[6], a part of a graphene film is stretched in one direction,
as shown in Fig. 1.27(a). In this case, the Dirac cone in a strained region shifts. Figure 1.27(b)
depicts Dirac cones at strained (red) and unstrained (gray) regions for a strain parallel to the
armchair direction (y-axis).

The authors of Ref. [6] assumed that when an electron is injected to the interface, the momen-
tum component parallel to the interface (p,) is conserved. As a result, only electrons which have
momentum p, at the overlap region of two Dirac circles (solid circles in Fig. 1.27(b)) can penetrate
into the strained region. In particular, for the small Fermi energies in which there is no overlap of
the Dirac circles, the electron is perfectly reflected. As a result, electrical transport shows a behav-
ior different from the case of unstrained graphene. Figure 1.27(c) shows the resulting gate voltage
dependence of conductance, which exhibits a transport gap. According to the theory, for a strain
in the armchair direction, the transport gap corresponds to the change of the nearest-neighbor

hopping integral, written by,
5t =t (1 _ 6—3.37A> 7

where tg = 2.7 €V is the nearest neighbor transfer integral of unstrained graphene and A is an
amount of strain. For 10% strain, the gap reaches 0.8 eV.

Experimentally, nobody has confirmed the modulation of electron transport by strain. This is
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Figure 1.28: Schematic illustration of graphene with the one dimentional local strain.

because a method for controlling local lattice strain has not been developed for graphene. So far,
in experimental studies of graphene’s lattice strain, either incidentally formed strain or uniform
strain has been used. However, these strains are not suitable for the gap formation. A reliable

method for producing designed local strain is required.

Orientation dependence

When a one dimensional local strain is applied in an arbitrary direction, as shown in Fig. 1.28, the

resulting vector potential is given by
cos(—20)
A
x 7( sin(—20) |’

where v is the amount of strain and 6 is the angle between the strain direction and the zigzag
direction. This means that the direction of the vector potential, i.e., the direction of the shift
of the Dirac cone in the strained region is —26, indicating that the transmission of an electron
through the interface strongly depends on the direction of the interface and the angle, ¢, between
the interface and the strain direction.

Now, as an example, we consider two cases where the interface between the strained region and

unstrained region is parallel to the zigzag direction or to the armchair direction (Fig. 1.29):

e In the case of an interface parallel to the zigzag direction (Fig. 1.29(a)), when the strain is
parallel to or perpendicular to the interface (¢ = 0° or 90°) , the resulting shift of the Dirac
cone is parallel to the interface, while for { = 45°, the shift of the Dirac cone is perpendicular

to the interface. Thus, perfect transmission occurs for ( = 45°.

e In the case of an interface parallel to the armchair direction (Fig. 1.29(b)), the result is

opposite to the above case. Perfect transmission occurs for ( = 0° and 90°.
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Figure 1.29: The direction of the Dirac cone shift for interfaces parallel to the zigzag direction (a)
and to the armchair direction (b).

1.4 Purpose of this thesis

In this thesis, we first focus on the effect of local lattice strain on the graphene electron transport.
As explained above, this field is important from the viewpoint of both fundamental science and
applications, but is completely unexploited. For this purpose, we need to develop methods for
inducing local lattice strain in graphene in a controlled manner.

In the second part of this thesis, we deal with the effect of electron beam irradiation on graphene
transport properties. Electron beam irradiation is commonly used in graphene nanofabrication
processes, and this is the case in our study on local lattice strain. So we need to know the influence
of electron beam irradiation on graphene transport properties and minimize it. We combine Raman
spectroscopy with transport measurement, and derived a relationship between the Raman Ip/Ig

ratio and the carrier mean free path.
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Chapter 2

Experimental technique

2.1 Sample fabrication

Here we describe a general method of graphene sample fabrication. Special procedures which

depend on each experiment will be describes in later chapters.

2.1.1 Preparation of Si substrate with address markers

Scotch tape method (described later) allows one to obtain high quality graphene films on a Si
substrate, but one cannot control the position of graphene. So, we should determine the position of
graphene placed on the Si substrate. For this purpose, we use a Si substrate with address makers

which indicate the graphene’s position. In the following, fabrication of address markers is described.

(1) Spin-coat of photoresist

First, we heat a Si substrate to remove water on the surface at 180 degrees. Then, two kinds
of resists are spin-coated on the substrate. The first is HMDS (Hexamethyle-Disilazane) and the
second is Microposit S1808. Here, HMDS is used as an adhesive layer. Coating conditions are 500
rpm (5 sec) for HMDS, and 500 rpm (5 sec) followed by 3000 rpm (60 sec) for S1808. After the

spin-coat, Si substrate is annealed at 180 degrees on a hot plate.

(2) Exposure
Si substrate is exposed to ultraviolet light for 7 seconds. The pattern of address markers is
shown in Fig. 2.1. Address markers are placed with 500 um interval and their shape represents its

coordinate on the substrate.
(3) Development

First, the exposed substrate is soaked in monochlorobenzene for 1 minute. Then it is dried

by nitrogen blow. Next, we soak the substrate in MF319 developer for 3 minutes and dry it with
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Figure 2.1: (a) Location of address markers in a substrate (9 mm x 9 mm). Separation of adjacent
address markers is 500 pm and each address marker has different shape so that one can know its
position from the shape. (b) In each address marker, the horizontal (z) and vertical (y) coordinates
of its position are known from the position of dots. Each dot indicates 1, 2, 4, or 8 in the = or
y axis, depending on its position. The sum of the numbers corresponds to the coordinate. An
example is shown in (c¢). This address marker indicates the position (3,13).

nitrogen blow.
(4) Metal deposition and lift-off

Address markers are made from Al (5 nm) / Au (100 nm), which is thermally deposited in
vacuum (~ 1076 Torr). After metal deposition, we remove the photo resist and excess metal by
lift-off.
(5) Hydrogen annealing

To remove residual photo resist, we perform the hydrogen annealing at 300 degrees for 1 hour

in argon-hydrogen mixed gas.
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2.1.2 Scotch tape method

For production of the high quality graphene, Scotch tape method is commonly used. This method
take advantage of a graphene’s property that the interlayer coupling is weaker than the in-plane
coupling. By using this method, we obtain single layer graphene with lateral sizes < 0.1 mm on a

Si substrate. The following is the procedure of the Scotch tape method:

(1) Place a few graphite flakes on the adhesive side of a plastic sticky tape. We use Kish graphite
(Toshiba ceramics Co. AP70 PV KISH GRAPHITE TYPE B).

(2) Sandwich the graphite flakes between adhesive sides, and slowly peel the tape. Exfoliated
graphite flakes are attached on both adhesive sides.

(3) Repeat this process until exfoliated graphite flakes are spread over adhesive sides.

(4) Attach the adhesive side with graphite flakes on a Si substrate with address markers, and gently

rub the surface of the tape.

(5) Slowly peel the tape off the substrate.

N

(6) After peeling, not only graphite flakes but also adhesive remain on the substrate. The adhesive

can be removed by putting the Si substrate into acetone for an hour.
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2.1.3 Estimation of the number of graphene layers

We use optical images to estimate the number of graphene layers. It is known that difference of
the number of graphene layers can be detectable in optical images when graphene is placed on a Si
substrate with SiOg layer of ~ 300um. Figure 2.2(a) is an optical image of graphene flakes placed
on a Si substrate. Graphite flake looks darker with increasing the number of graphene layers. In
the case of substrate coated with LOR resist, by using this technique, we also canfind single layer

graphene as shown in Fig 2.2(b).

Figure 2.2: Optical images of graphene on a SiO2 (300 nm)/Si substrate (a) and on a SiOy (300
nm)/Si substrate coated with LOR 1A resist (b).

2.1.4 Fabrication of small address markers

To determine the position of a graphene film more accurately, we fabricate small address markers

which allows one to identify the position of graphene with ~100 nm accuracy.

(1) Pattern design
First, we take a picture of a region which includes graphene films and two adjacent markers
(Fig. 2.3(a)). Then, by using graphic software, we design a pattern for small address markers as

shown in Fig. 2.3(b). Figure 2.3(c) shows the shape of a small address marker.

(2) Spin-coat of e-beam resists

We use two kinds of e-beam resists, NANO MMA(8.5)MAA EL9 and NANO 950 PMMA A5.
First, we spin-coat the former resist at 500 rpm (5 sec.) followed by 3000 rpm (60 sec). Then the
substrate is heated on a hotplate at 180 degrees for 10 minutes. Next, we spin-coat the latter resist

with the same condition. Finally, the substrate is heated at 180 degrees for 20 minutes.
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Figure 2.3: Optical images of markers: (a) adjacent markers with graphene, (b) small address
markers placed near graphene, (c) size of a small address maker, (d) whole view of small markers
around graphene.

(3) E-beam exposure and development

The pattern of the small address markers is transferred to the substrate with e-beam exposure
of 250—300 1C/cm?. The e-beam lithography machine is ELIONIX ELS 7700 with the acceleration
voltage of 50 kV. After the exposure, the substrate is dipped in OEBR1000 developer (Tokyo Ohka
Co.) (20 sec.), IPA (30 sec.), mixture of IPA and ethanol (1:1) (60 sec.) and IPA (30 sec.), in this

order. Finally, the substrate is dried with nitrogen blow.

(4) Metal deposition and lift-off
Small address markers are made from Al (5 nm) / Au (100 nm), which is thermally deposited
in vacuum (~ 1076 Torr). After metal deposition, we remove the photo resist and excess metal by

liftoff technique.
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2.1.5 Oxygen plasma etching

Oxygen plasma etching is commonly used for trimming graphene in a desired shape. First, a
substrate with graphene is coated with e-beam resist ZEP-520 at 500 rpm (5 sec) followed by 3000
rpm (60 sec). Then, the substrate is heated on a hotplate at 180 degrees for 2 hours. Next, a pattern
of the area to be removed (Fig. 2.4 (a)) is transferred with e-beam exposure with ~ 150.C/cm?.
Development is performed in ZEP-N50 for 10 sec, followed by rinse in IPA for 10 sec and nitrogen
blow. Oxygen plasma etching is performed at power of 50 W in 200 mPa of Og for 30 sec. Then,
the substrate is put in n-methylpyrrolidone for 4 hours for the removal of the resist. Figure 2.4 (a)

and (b) shows a graphene film before and after oxygen plasma etching, respectively.

(a) (b)

Figure 2.4: A graphene film before (a) and after (b) oxygen plasma etching. In (a), yellow region
indicates the resist pattern.

2.1.6 Fabrication of electrodes for transport measurement

Electrodes for transport measurement are fabricated by using the same technique for fabrication

of small address markers.

2.2 Raman spectroscopy

We perform Micro Raman spectroscopy (mapping) to estimate the graphene thickness, the amount
of strain, and the defect density. The Raman system is Nanophoton RAMANplus. The excitation
laser wavelength is 532 nm, the excitation power is 0.1 mW for the linear illumination mode, and
the spot size is ~ 0.5 pm.

We obtain the wave number, intensity and width of a peak in Raman spectra by fitting the
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peak with a Lorenzian curve,

R
f(@) o (%)2’

where [ is the intensity, xg is the peak wave number, and 27 is the full width at half maximum.

2.3 Transport measurement

We perform transport measurement at room temperature in vacuum or in the air using a probing
station. For four-terminal measurements, a sample is connected to instruments shown in Fig. 2.5.
For the gate voltage dependence measurements, the highly doped Si substrate is used as a back
gate, which is connected to a voltage source (Keithley 230). Instruments are controlled by Labview
(NATIONAL INSTRUMENTS).

Noise filters
Mini-Circuits BLP-1.9

Voltage source
ADC 6144

Pre-amplifier
DL-Inslc)ruments12O 1(x50, 100)

Digital voltmeter|
Agilent 34401

IDigital voltmeter|
Agilent 34401

Current pre-amplifier
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(Side view) 1 Stanford Research Systems
Electrodes—_ ~ SR 570 (1nA/V)
Graphene &>
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(Back gate) )
\_ Prove station

Figure 2.5: Experimental setup for the four-terminal transport measurement.
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Chapter 3

Effect of local lattice strain on
electron transport in graphene

Due to the two-dimensional hexagonal lattice structure, lattice strain in graphene produces an
effective vector potential for charge carriers. While it is expected that one can control the electron
transport in graphene by tailoring the local lattice strain, the absence of the technique to induce
designed local lattice strain hampers development of strain science and engineering of graphene.
Here, we develop, for the first time, a method of introducing designed local lattice strain to
graphene, and study experimentally the effect of local lattice strain on the graphene electron trans-

port.

3.1 Inducing designed local strain in graphene

To induce designed local strain in graphene, we use nanostructures made of a dielectric material
(electron beam resist) placed between a graphene film and the Si substrate. For the fabrication of
nanostructures on the surface of a Si substrate, we take advantage of an uncommon property of
e-beam resists: excess exposure to e-beam makes resists such as lift-off resist (LOR) and polymethyl

methacrylate (PMMA) insoluble even in their developers and removers.[1]

3.1.1 Procedure of inducing designed local strain in graphene

(1) Preparing a graphene film on a Si substrate covered with e-beam resist LOR

First, we spin-coat a Si substrate with LOR -1A resist (Micro Chem) with 500 rpm (5 sec) followed
by 2500 rpm (60 sec). The thickness of LOR resist is 100 — 150 nm. Then, graphene films are
mechanically extracted from kish graphite by Scotch tape method and are placed on the substrate
(Fig. 3.1(a)). The graphene thickness is estimated by optical microscopy. After this process, if
necessary, we fabricate electrodes by e-beam lithography with the PMMA resist, metal deposition
and lift-off. We note that the bottom LOR resist is not damaged by developers and removers of
the top PMMA resist.
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(c) I '

Figure 3.1: Sample fabrication procedures. (a) Graphene is placed on Si substrate coated with e-
beam resist LOR. (b) Pattern for resist nanostructures is transferred with excess e-beam exposure.
(c) Resist without excess e-beam exposure is removed. (d) After dipping the substrate into water,
graphene is attached the Si substrate.

(2) Excess e-beam exposure

The pattern for the resist nanostructures is transferred to the LOR resist with an e-beam dose
of 60,000 pC/cm?, which is more than 100 times larger than that of the normal exposure (Fig.
3.1(b)).

(3) Removal of the LOR resist

Next, we remove the LOR resist without the excess e-beam exposure by dipping the substrate in
the remover, N-methyl-2-pyrrolidone, for 5 min, rinse it with 2-propanol for 30 sec, and then put
the substrate into distilled water for 30 sec. Finally, we dry the substrate with nitrogen blow (Fig.
3.1(c,d)).

If we skip the dip into distilled water, the graphene film is suspended over the LOR nanostruc-
tures as shown in Fig. 3.2. On the other hand, a graphene film after dipped into distilled water is
attached to the substrate, as shown in Fig. 3.3, indicating that the graphene film is nonuniformly

strained.

3.1.2 Estimation of the amount of strain in graphene

Scanning electron micrographs

We develop a method of estimating the amount of strain from scanning electron microscopy (SEM)

images. For this purpose, we place additional PMMA disks on top of the LOR nanostructures. We
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Figure 3.3: (a)SEM image of a graphene without lateral shift. (b)(c) Schematic side view of
the sample before (b) and after (c¢) the LOR removal without the lateral shift of graphene. The
graphene section between pillars stretches to attach to the substrate. From this model, one can
estimate the average stretch between pillars. The result for image (a) is shown in (d). (e) SEM
image of graphene with noticeable lateral shift. Dashed line and arrow indicate an edge of graphene
and the shift direction, respectively.

make them by coating the substrate with thin PMMA after the deposition of graphene, followed

by exposure of it to excess e-beam. Figure 3.3 shows SEM images of such samples, in which
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nanopillars with triangular symmetry are formed. In Fig, 3.3(a), each PMMA disk is exactly on
top of the corresponding LOR pillar, indicating that the graphene did not shift laterally when
stretching, as illustrated in Fig, 3.3(b) and 3.3(c). The average stretch is defined as the increase of
the length of a graphene section between a pair of pillars after the stretch divided by the original
graphene length (separation of the pillars). From Fig. 3.3(a), one can estimate the average stretch
of graphene between pillars, which ranges from 6 to 20%, depending on the direction, as shown
in Fig. 3.3(d), in which pillars A to D correspond to those in Fig. 3.3(a). The absence of the
triangular symmetry in the average stretch is presumably because of a minimal lateral shift of
graphene, which is undetectable by the present method. This shift also causes wrinkles in Fig.
3.3(a). Figure 3.3(e) shows another example, in which the top PMMA disks are shifted in the
direction perpendicular to the graphene edge (indicated by a dashed line). The amount of the shift
becomes larger as pillars approach the graphene edge. Even in this case, though, the graphene film

stretches along the shift direction with an average stretch of 7%, as estimated from the SEM image.

Micro-Raman spectroscopy

To confirm the strain in graphene, we also performed spatially resolved micro-Raman spectroscopy.
The Raman spectra were acquired using a laser excitation of 532 nm (2.33 eV) with an incident
power of 100 uW and a spot size of ~ 0.5 um. The result is shown in Fig. 3.4. Figure 3.4(a) is an
SEM image of the sample, in which a triangular lattice of LOR pillars 130 nm high and 200 nm
wide is placed underneath graphene. The separation of pillars is 1.5 um. The average stretch of
graphene between adjacent pillars is estimated to be ~ 6 —9% from SEM images, depending on the
direction. Figure 3.4(b) shows the spatial distribution of the Raman signal in the area indicated
by a yellow square in Fig. 3.4(a). Here, the average signal intensity between 2665 and 2675 cm ™!
is plotted in a gray scale. White (black) regions mean high (low) Raman intensity. It is clear that
the spatial variation of the Raman signal corresponds to the triangular lattice of pillars, indicated
by red circles in Fig. 3.4(b).

To see this in more detail, we look at the Raman spectrum at several points, A1, As, By, -+, Es,
indicated in Fig. 3.4(c). Here, A; (i = 1, 2) is on a pillar and B; to D; are located near the midpoint
of adjacent pillars. Points X; and X5 (X = A,---, D) are equivalent in the triangular lattice. E;
and FEs are near the graphene edge. The Raman spectra of these points around the 2D band are
shown in Figs. 3.4(d) - 3.4(f). On the pillars (Fig. 3.4(d)), the 2D peak is located at (2663 £ 1)
ecm ™!, which downshifts in comparison with the value of ~ 2680 cm™! for graphene placed on a
Si substrate (without pillars),[2, 3] as shown in Fig. 3.4(g). Note that the LOR pillars (without
graphene) do not show any Raman peak around the 2D band. On the other hand, near the midpoint
of adjacent pillars (Fig. 3.4(e)), the spectrum is almost independent of the direction within the
accuracy of the measurement, and exhibits a maximum at (2670 & 2) cm~!. The difference of the

2D peak positions in Figs. 3.4(d), 3.4(e), and 3.4(g) presumably originates from the variation of

45



Intensity (arb.ﬁnit)

2600 2650 2700 2750
Raman shift (cm_l)

Figure 3.4: (a) SEM image of a graphene with LOR pillars. (b) The spatial distribution of the
Raman signal in the area indicated by a yellow square in (a). (c) Schematic of the sample. (d-g)
Raman spectra around 2D band are shown (d) for graphene on pillars, (e) for graphene near the
midpoint of adjacent pillars, and (f) for graphene near an edge. Positions for each spectrum are
indicated in (c¢). (g) Typical Raman spectrum for graphene without strain.

strain. Actually, near a graphene edge, where one can expect a relaxation of strain due to the
existence of the edge, a smaller downshift is observed as shown in Fig. 3.4(f), in which the 2D peak
is situated at (2667 £ 1) cm™1.

In Ref. [4], the 2D band is reported to downshift linearly with uniaxial strain in graphene.
The amount of downshift is ~ 20 ecm™! for 1% strain, which seems to be much larger than our
results for nonuniaxial strain. One of possible origins of the discrepancy is an influence of excess

e-beam exposure. More experiments as well as theoretical investigations are needed for quantitative
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understanding of our results.

We also note that the shift of the 2D band is also caused by the spatial variation of the gate-
induced carrier density due to the change of the gate capacitance, but the amount of the downshift
is too large to be explained solely by the carrier density variation. Actually, according to Fig.
1.10,[5] the shift of 2D band seen in Fig. 3.4 corresponds to the carrier density variation of more
than 4 x 10'® m~—2, which can be produced by the gate voltage larger than 150 V. It is not likely
that such a large voltage is applied spontaneously to the substrate.

These results show that one can control the local lattice strain by designing the positions and

sizes of resist nanostructures.

3.1.3 Graphene device with one-dimensional local strain with electrodes for
transport measurement

In the following, we deal with one-dimensional local strain for the study of strain effect on electron
transport properties of graphene. The reason why we do not use two-dimensionally distributed
strain such as the triangular symmetrical strain is that in a triangular symmetric strain, for example,
the lattice strain does not keep the triangular symmetry at graphene edges, as shown in Fig. 3.4,
which might lead to extrinsic effect on electron transport, such as nonuniform current distribution.
In contrast, we expect that the one-dimensional character is not extremely broken near the edges
for one-dimensional local strain.

Based on this consideration, we fabricate graphene FETs with one dimensional local strain. One
dimensional local strain is realized by inserting a resist nanostructure (nanorod) between graphene
and the Si substrate.

The following is the procedure of sample fabrication: First, we place a graphene film on a
substrate covered with e-beam resist LOR (Fig. 3.5(a)). Then, we fabricate electrodes Cr/Au (5
nm/150 nm) for transport measurement using e-beam lithography with PMMA and lift-off (Fig.
3.5(b)). Next, the pattern for the resist nanostructure is transferred with excess e-beam exposure
of 60 mC/cm? (Fig. 3.5(c)). After the development, the resist without excess e-beam exposure
is removed, so that the graphene is attached to the substrate (Fig. 3.5(d,e)). In this process,
a smallest misalignment of first and second e-beam lithography patterns causes different spatial
variation of strain depending on samples, as exemplified below.!

Figure 3.6 is an SEM image of a sample with a resist nanorod. The height and width of the
resist nanorod is ~130 nm and ~100 nm, respectively.

For the estimation of the amount of strain in graphene, we use Raman spectroscopy. The Raman
2D band downshifts as the strain increases, as explained above. Figure 3.7 shows a gray scale
mapping of Raman 2D peak position in graphene with resist nanorods. Darker region corresponds

to a 2D peak with a smaller wave number. The downshift of the 2D band around resist nanorods is

! Accuracy of the pattern alignment in our e-beam lithography system (ELIONIX ELS-7500) is ~ 100 nm.
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Figure 3.5: Procedure of sample fabrication. (a) Graphene is placed on a Si substrate coated
with e-beam resist LOR. (b) Electrodes are fabricated by electron beam lithography and lift-off.
(c) Pattern for the resist nanostructure is transferred with excess e-beam exposure. (d) After the
development, resist without excess e-beam exposure is removed. (e) The graphene film is attached
to the substrate.

Resist nanostructure

Figure 3.6: SEM image of a sample. Resist nanostructure is inserted between a graphene film and
the Si substrate.
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Figure 3.7: Gray scale mapping of 2D band peak position in graphene with one-dimensional resist
nanostructures (nanorods). Darker region corresponds to a 2D peak with smaller wave number.

smaller than that at the midpoint of adjacent resist nanorods. This result indicates that the strain
is maximum around the midpoint of adjacent resist nanorods, and becomes smaller as approaching
a resist nanorod.

This result is in sharp contrast to the strain distribution in graphene on top of resist nanopillars
with triangular symmetry (Fig. 3.4). In Fig. 3.4, the strain is maximum on top of a resist
nanopillar, while in Fig. 3.7, the strain takes a minimum value on top of a resist nanorod. The
origin of the difference of strain distribution is not clear at this moment, and further theoretical

and experimental investigations are needed on this issue.

3.2 Electron transport in graphene with one-dimensional local
strain

A typical gate voltage (V) dependence of conductivity (o) of graphene FET devices with a resist
nanorod is shown in Fig. 3.8. While the o — V; curve of conventional graphene FETs placed on a
Si04/Si substrate (without a resist nanorod) exhibits a V-shaped characteristic, as shown in Fig.

1.4, the o — V; curve of graphene FETs with a resist nanorod has the following characteristics:

1. The gate voltage, Vp, corresponding to the minimum conductivity takes a large positive value,
typically ~ 50 V. This is presumably due to the use of LOR resist. We speculate that the
residue of the LOR resist positively charges up the graphene film.

2. The o — V; curve becomes asymmetric; the field effect mobility of electrons, ugp, is largely

suppressed.
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As an example of the latter characteristic, in Fig. 3.8(a), the field effect mobility of holes, ull}E,
is 0.17 m?/Vs, while u$r = 0.063 m2/Vs, and the ratio p$p/pby = 0.37. Note that some devices
exhibit a flat region at low conductivity area, as shown in Fig. 3.8(b), which indicates p$p /pbly ~ 0.
Figure 3.9 shows the ratio pjp/ MIFIE as a function of ,u}FlE for all of the measured samples. Red circles,
black squares and blue triangles correspond to devices with a resist nanorod, devices which do not
include a resist nanorod in the current path but have nanorods in the other part of the graphene
film, and devices which have no nanorod in the graphene film, respectively. Clear decrease of the
g/ /‘%E ratio as well as the mobility (M%E) degradation is seen in devices with nanorods, indicating
that the asymmetry of the o — V; curve is caused by the insertion of resist nanorods. We note that
the devices which do not include a resist nanorod in the current path but have nanorods in the
other part of the graphene film also exhibit asymmetry. As discussed later, we believe that this is
caused by the spatial distribution of strain apart from the nanorods (see Fig. 3.4).

There are three possible origins of the distorted o — V; characteristic:
e spatial variation of gate capacitance,
e excess e-beam exposure,
e local lattice strain.
To investigate in more detail the origin of the distortion, we perform the following three experiments:

1. We compare electron transport in a graphene portion with a resist nanorod and that in a

graphene portion without a resist nanorod in a single graphene film.

2. We compare electron transport in a graphene portion with excess e-beam exposure and that

in a graphene portion without excess e-beam exposure in a single graphene film.

3. We compare electron transport in two graphene deviecs with similar resist nanorods but with

different distribution of strain.
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Figure 3.8: (a)(b) Conductivity as a function of the gate voltage in two graphene FETs with a
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Figure 3.9: The ratio u$p/ubly as a function of pliy for all of the measured devices. Red circles,
black squares and blue triangles correspond to devices with a resist nanorod, devices which do not
include a resist nanorod in the current path but have nanorods in the other part of the graphene
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Figure 3.10: SEM image (a) and schematic (b) of the sample.

3.2.1 Experiment 1: comparison of electron transport in a device with a resist
nanorod and that in a device without a resist nanorod

Sample structure

For investigation of the influence of spatial variation of gate capacitance by the resist nanorod, we
compare electron transport in a device with a resist nanorod and that in a device without a resist
nanorod. Both devices are made from the same graphene film. The sample structure is shown in
Fig. 3.10, which includes a graphene device A with a resist nanorod (connected to a voltage lead
pair V1) and a graphene device B without a resist nanorod (connected to a voltage lead pair V2)
in the same graphene film. Electrodes is Cr/Au (5 nm/150 nm), and separation of voltage leads is
2 pm. From an SEM image, the average stretch of graphene portion in device A is estimated to be
~ 2%.

Experimental results

We carry out four terminal transport measurement at room temperature before and after the
development of the LOR resist for the formation of the resist nanorod. Figure 3.11 shows the
gate voltage dependence of conductivity of device A (blue curve) and device B (red curve) before
the development. Highly doped substrate is used as a back gate. We note that the excess e-beam
exposure causes slight shrinkage of the LOR resist and produces a small dip with depth of 20 nm on
graphene even before the development, so that the graphene portion in device A is expected to be
slightly strained even before the development. As seen in Fig. 3.11, conductivity of either device A
or B decreases with increasing the gate voltage. The charge neutrally point, where the conductivity
takes a minimum value, is situated at a gate voltage of more than 30 V. The conductivity of device
B, which is placed on a resist layer with uniform thickness, linearly decreases with increasing the
gate voltage, while that of device A, which is placed on a resist layer with a small valley, exhibits
a small bend.

Figure 3.12 shows the gate voltage dependence of conductivity of device A (blue curve) and
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Figure 3.11: Gate voltage dependence of conductivity of device A (blue curve) and device B (red
curve) before the development.

device B (red curve) after the development of the LOR resist. The conductivity of device B
monotonically decreases with increasing the gate voltage. This is common to the result of device B
before development, as shown in Fig. 3.11. The conductivity minimum is situated at a gate voltage
larger than 30 V. On the other hand, in the conductivity of device A, a large bend (or, an nearly

flat region) appears in low conductivity area. A similar behavior is seen in Fig. 3.8.

Numerical study

Here, we consider the influence of the spatial variation in gate capacitance Cy by using a numerical

model, which is based on the following assumptions.

1. Local conductivity-gate voltage (o(V,2) — Vi) curve of each part of graphene is V-shaped,
which is common to graphene placed on a SiOp substrate (Fig. 3.13(a)).

2. Local charge neutrality point VgNP(z) is determined by the surface charge density, Qo, induced
by charged impurities: VgNP(z) = Qo/Cy x d where d is the thickness of the gate dielectric.

The surface charge density Qg is assumed to be uniform over the graphene surface.

From these assumptions, we determine local conductivity o(Vj, z), and calculate the whole conduc-
tivity by using the expression,
1 L
W) = [ o (1)
L Jo
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Figure 3.12: Gate voltage dependence of conductivity of device A (blue curve) and device B (red
curve) after the development.
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Figure 3.13: (a) Assumed gate voltage dependence of local conductivity. (b) Schematic of the
sample geometry. The used lateral dimensions are L = 2 um, z; = 0.64 pum, 2o = 0.96 pum,
z3 = 1.16 ym and z4 = 1.49 pm. The height of the LOR resist before and after the excess e-beam
exposure are 100 nm and 81 nm, respectively.

where z is a coordinate along the current path (Fig. 3.13(b)). In the calculation, the exact lateral
dimensions and height of the resist nanostructure, which are obtained from an SEM image, are

taken into account (see the caption of Fig. 3.13).

(1) Before the development of LOR
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Figure 3.14: The calculated o — V; curves for device A (blue curve) and device B (red curve) before
the development.

The calculated o —V,, curves for devices A and B before the development are shown in Fig. 3.14.
Blue and red curves correspond to devices A and B, respectively. Conductivity minimum appears
at the same gate voltage in two curves. In the case of graphene on a resist layer with uniform
thickness (device B), the conductivity exhibits V-shaped characteristic. On the other hand, in the
case of a resist layer with a valley (device A), a small kink appears at smaller gate voltage than
charge neutrally point of device B. Similar behavior is observed in experimental results as shown

Fig. 3.11. So, the behavior is qualitatively understandable by the change in the gate capacitance.

(2) After the development of LOR

The calculated o — V; curves for devices A and B after the development are shown in Fig.
3.15. Blue and red curves correspond to devices A and B, respectively. Again in Fig. 3.15, the
conductivity minimum appears at the same gate voltage, because the most part of graphene is
attached to SiOs in both devices. Device B exhibits a V-shaped characteristic. On the other hand,
in the case of graphene placed on a substrate with a resist nanostructure (device A), the o — V,
curve bends at a gate voltage larger than that of the conductivity minimum. Note that the position
of the kink (bend) with respect to the conductivity minimum is different in Figs. 3.14 and 3.15,
because the sign of the curvature of graphene around the exposed area is different, namely, the
graphene around the exposed area is concave (convex) before (after) the development of LOR. In

the experimental result, on the other hand, a kink (bend) appears at a gate voltage which is smaller
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Figure 3.15: The calculated o — Vj curves for device A (blue curve) and device B (red curve) after
the development of LOR. In device A, a kink (bend) appears at a gate voltage which is larger than
that of the conductivity minimum.

than that of the conductivity minimum of device B both before and after the development. This
result indicates that the difference in devices A and B cannot be explained solely as an effect of

the change in the gate capacitance.

3.2.2 Experiment 2: comparison of electron transport in a device with excess
e-beam exposure and that in a device without excess e-beam exposure

Sample structure

For investigation of the influence of excess e-beam exposure on graphene electron transport, we
use a sample shown in Fig. 3.16(a), in which five four-terminal devices (device a — device € ) are
connected in series. The graphene is placed on a highly-doped Si substrate covered with 300 nm
Si0O, which is used as a back gate. The graphene portion in devices « and (8 (red area in Fig.

3.16(a)) is exposed to e-beam of 50 kV several times.

Experimental results

We carry out four-terminal transport measurement at room temperature. Fig. 3.16(b) shows the
gate voltage dependence of conductivity for each device after the e-beam exposure of 60 mC/cm?.
All curves exhibit V-shaped characteristic, and the minimum conductivity of each curve appears

at a similar gate voltage of ~ 10 V (Fig. 3.16(d)), although the e-beam exposure significantly
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Figure 3.16: (a) Optical image of the sample. Five four-terminal devices (device o — device ¢ ) are
connected in series. Red region indicates the e-beam exposed area. (b) Gate voltage dependence
of conductivity for devices a — e. (c¢) The field effect mobility p$p, ulg, and their ratio p$y/pbks
for devices aw — €. (d) The charge neutrality point (Dirac point) for devices a — «.

degrades the mobility of devices @ and [, as shown in Fig. 3.16(c). We note that these results
exclude the possibility that the excess e-beam exposure locally charges up the graphene film and

shifts the local Dirac point, leading to largely asymmetric o — V; characteristic, as shown in Fig.
3.8.
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Figure 3.17: Raman spectra around the 2D band at several positions in sample 1. The curves are
shifted vertically for clarity. The distances from the left electrode are a: z = 0.1 um, b: z = 0.7
pm, c: z= 1.5 pm, d: z = 1.9 ym. The resist nanorod is situated at z = 0.2 um.

3.2.3 Experiment 3: comparison of electron transport in two devices with dif-
ferent spatial distribution of strain

Sample structure and Raman spectra

For investigation of effect of local lattice strain on electron transport, we compare two devices,
samples 1 and 2, with similar structure, as shown in Fig. 3.6, but with different distribution of
strain. The different spatial distribution of strain is probably mainly caused by misalignment of
the e-beam lithography pattern for the resist nanorod, the distance between the nanorod and the
left electrode is 0.2 pm and 0.89 um for samples 1 and 2, respectively.

Figures 3.17 and 3.18 show the Raman 2D band at several positions in samples 1 and 2, respec-
tively. Each curve is obtained by averaging the local Raman spectra of the graphene portions with
the same z value. (The z axis is along the current flow and perpendicular to the resist nanorod.) We
note that the 2D peak wave numbers of both samples are smaller than that of unstrained graphene
(~ 2680 cm~!). In sample 1, the downshift of 2D band at points a, c, and d is larger than that at
point b. On the other hand, in sample 2, the difference in the 2D band position is not remarkable.

Figure 3.19 summarizes the spatial variation of the 2D peak wave number of sample 1 (red dots)
and sample 2 (blue dots). In sample 1, the 2D peak wave number ranges from 2662 to 2675 cm ™!
and the maximum spatial variation is 24 cm~!/um, while in sample 2, the 2D peak wave number
ranges from 2656 to 2658 cm ™! and the maximum spatial variation of strain is 2.5 cm™! /um. Thus,
the magnitude of the strain is larger in sample 2, while the spatial variation of strain is larger in

sample 1.
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Figure 3.19: 2D peak wavenumber is plotted as a function of the distance from the left electrode
in samples 1 (red) and 2 (blue).

Electrical transport

Four-terminal transport measurements are carried out for samples 1 and 2 at room temperature in
vacuum. The highly-doped Si substrate is used as a back-gate, which controls the carrier density
over the whole area of the graphene channel. Figures 3.20(a) and 3.20(b) show the gate voltage
dependence of conductivity in samples 1 and 2, respectively. In sample 1, M}I}E is 0.16 m?/Vs, while
a flat region appears at low conductivity area at positively large gate voltage, giving pfy/ /ﬂFlE ~ 0.

On the other hand, in sample 2, pliy = 0.19 m2/Vs and u$p = 0.056 m?2/Vs, giving péy/phy =
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Figure 3.20: Conductivity of sample 1 (a) and sample 2 (b) as a function of gate voltage.

0.29. We speculate that larger spatial variation of strain leads to stronger asymmetry and smaller
e h
e/ PpE-

3.2.4 Discussion

The results of experiments 1 and 2 suggest that the origin of the asymmetric o — V; curves in
graphene FETs with a resist nanorod is local lattice strain, and experiment 3 indicates that the
asymmetry is stronger in graphene with larger spatial variation of strain. These results strongly
suggest that the one-dimensional local strain is the origin of the distortion of the o — V; curve.

In this section, we try to compare our experimental results with the theoretical prediction on
the transport gap formation in one-dimensionally strained graphene.[6] Here we assume that the
flat region in the o — Vj; curve seen in some samples (for example, in Fig. 3.8(b) and Fig. 3.20(a))
stems from the transport gap due to one-dimensional local strain with large leakage current.

First, we compare the size of the flat region with the theoretical transport gap. Both in Figs.
3.8(b) and 3.20(a), the width of the flat region is more than 20 V. From the energy dispersion
relation of graphene, e = hvpk, with k = y/7n, and vp = 1 x 10° m/s the gate voltage width of 20
V corresponds to the energy of 0.2 eV. According to the theoretical result for the transport gap,[6]
0t = to(1 — e 33™) with tq = 2.7 eV, the transport gap of 0.2 eV is produced by a one-dimensional
strain A = 2%. This amount of strain is consistent with the average strain of 1% obtained from
SEM images.

Next, we consider the reason for the absence of zero conductivity on the basis of the theory
of one-dimensional local strain.[6] It is known that in real graphene samples, there are spatial
fluctuations of the electric potential, which are induced mainly by charged impurities. Under the

potential fluctuations, zero conductivity is achievable only when the transport gap is larger than

60



the amplitude of the potential fluctuations. Otherwise, a leakage current will be expected.

The amplitude of the potential fluctuations can be estimated from the shape of the o — Vj
curves. (See Section 1.1.3.) In the observed o — V, curves (for example, in Fig. 3.8(a) and Fig.
3.20(b)), the top of the curve, corresponding to the charge neutrality point Vp, is rounded within
the gate voltage range of 20 V. From this, the amplitude of the potential fluctuations is estimated
to be about 0.2 eV. This means that zero conductivity is achieved only when the transport gap is
larger than 0.2 eV.

In addition, we need to take into account the spatial variation of the strain. As explained in
Section 1.3.3, the theory proposed by Pereira and Neto[6] assumes abrupt change of the strain at
the interface and conservation of the carrier momentum component parallel to the interface. In real
graphene samples, however, strain varies slowly in space, and the elastic scattering occurs with a
characteristic length of the mean free path, which is, at best, around 0.1 pym in graphene placed on
SiOg/Si. This indicates that for the observation of the perfect reflection, strain needs to change, at
least, by the amount corresponding to the transport gap of 0.2 eV with the mean free path. This
requires the strain change larger than 2%/0.1 ym. On the other hand, the largest spatial variation
of strain of sample 1 in Fig. 3.19 is estimated to be around 0.24 %/0.1 pm,? which is about 8 times
smaller than the theoretical requirement. Thus, we can conclude that the spatial variation is not
sufficient in our samples. For the observation of the zero conductivity, increase of the mean free

path, reduction of potential fluctuations and increase of the spatial variation of strain are necessary.

2From the lateral shift of the resist dots placed on a grapheme film, we obtained the following relationship between
the strain and the Raman 2D peak position: Strain [%] = 0.093(2690— 2D peak wave number [cm™*]).[7]
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3.3 Effect of e-beam exposure

As explained above, the electron transport in graphene with one-dimensional local strain induced
by a resist nanorod indicates that we need to increase the mean free path to observe the zero
conductivity. One of the possible origins of the short mean free path is the excess e-beam exposure;
our method includes an e-beam exposure as large as 60 mC/cm? on the current path for forming
resist nanostructures. This process may induce defects in the graphene sheet, which should have
a great influence on the transport property. Here, we investigate the effect of e-beam exposure on

electron transport.

Sample

The sample is the same as that for experiment 2 in Section 3.2.2, which is fabricated by microme-
chanical exfoliation of kish graphite onto a highly-doped Si substrate covered with 300 nm SiOs.
An optical image of the sample is shown in Fig. 3.16(a). The device was exposed to electron beam
of 50 keV several times. The exposed area is a part of graphene sheet, shown in Fig. 3.16(a). After
each exposure, Raman and transport measurement are carried out. The Si substrate is used as a
back gate. The dosage of e-beam varies from 0 to 60 mC/cm?. From the conductivity, we derived

the mobility and electron mean free path as a function of the gate-induced carrier density, n.

Experimental results

Figure 3.21(a) shows Raman spectra of a graphene portion exposed to e-beam(device « in Fig.
3.16(a)). With the increase of e-beam dose, the Raman D band situated at ~ 1350 cm ™! develops,
and the intensity ratio of Raman D to G peaks (Ip/Ig) increases, as shown in Fig. 3.21(b),
indicating the increase in the defect density.

Figure 3.22(a) is the gate-induced carrier density dependence of conductivity of device « for
several e-beam doses. The gate-induced carrier density is defined as n = Cy(Vy—Vp)/e, where Cy is
the gate capacitance per unit area, V; is the gate voltage, and Vp is the gate voltage corresponding
to the minimum conductivity. From the data, we calculate the carrier mean free path, I, (Fig.

3.22(b)), for particular values of the gate-induced carrier density n = —2.0 x 10 m~2 and n =
—1.0 x 10'® m~2, and the field effect mobility of hole conduction, ulty (Fig. 3.22(c)). Either lyg
or M%E decreases with increasing the e-beam dose, reflecting larger density of defects.

Figure 3.23 shows the spatial variation of the I'n/Ig ratio. Here, the horizontal axis indicates
the distance x from the left edge of the sample, and the area of 2.3 ym < z < 8.3 pm is exposed to
e-beam of 60 mC/cm?. We note that the Ip/Iq ratio steeply changes within the ranges of 1.4 um
<2 <23 pmand 8.3 um < x < 9.2 um (shaded area in Fig. 3.23). Taking into account the spot
size of the Raman laser (~ 0.5 pm), we speculate that the influence of the e-beam dose reaches less

than 1 pm from the exposed area. This means that to eliminate the influence of e-beam dose on
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Figure 3.21: (a) Raman spectra of a graphene portion exposed to e-beam. The doses are 60
mC/cm?, 30 mC/cm?, 10 mC/cm?, and 0 mC/cm? from the top to the bottom. The curves are
shifted vertically for clarity. (b) The In/Ig ratio as a function of the e-beam dose.

the electron transport, one needs to separate the current path from the exposed area by more than
1 pm.

3.4 Improvement of the method of inducing local lattice strain

Taking into account the above experimental results, we develop two methods for inducing strain

which can eliminate the influence of the e-beam irradiation on the electron transport.

3.4.1 Method 1: introduction of strain by side arms

In the first method, we prepare a graphene device with side arms, and place the resist nanostructures
underneath the side arms, which are more than 1 micron apart from the current path. Several side
arms are connected to the same area of the current path, as shown in Fig. 3.24. Here, four side

arms are stretched and as a result, strain accumulates at the crossing area in the current path.

Procedure of sample fabrication

First, we place a graphene film on a substrate covered with e-beam resist LOR. Then, we fabricate
electrodes for transport measurement using e-beam lithography and lift-off. Next, oxygen plasma
etching is performed for formation of side arms, and then, the patterns for the resist nanostructures

are transferred with excess e-beam exposure of 60 mC/cm?, as shown in Fig. 3.24.
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Figure 3.22: (a) Conductivity as a function of the gate-induced carrier density, n, for several values
of e-beam dose. (b) E-beam dose dependence of the carrier mean free path, lg,, for particular
values of the gate-induced carrier density n = —2.0 x 101® m~2 and n = —1.0 x 106 m~2. (c)
E-beam dose dependence of the field effect mobility, ,u%E.

After the development, the LOR resist without excess e-beam exposure is removed, so that the

graphene sheet is attached to the substrate. Figure 3.25(a) shows an SEM image of a sample.

Raman and transport measurements of a graphene device with side arms

Figure 3.25(b) shows the Raman spectra of two areas on graphene indicated in Fig. 3.25(a). The

black curve corresponds to the area in the current path close to the side arms, and the red curve
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Figure 3.23: Spatial variation of the Ip/I¢ ratio.

to the area in the current path which is apart from the side arms. The 2D peak wave number
of the former is smaller than that of the latter, indicating that the strain is accumulated to the
area close to the side arms. Such trend of 2D band position is also seen in Fig. 3.26, which shows
the spatial variation of the 2D band position. These results confirm the controllability of the local
strain. Besides, from Fig. 3.26, we find that the spatial variation of strain is ~ 22 cm™!/um, which
is comparable to that of our previous method (~ 24 cm™!/um) (Fig. 3.19).

Figure 3.27 shows the gate voltage dependence of conductivity of this device. The zero con-
ductivity or a flat minimum conductivity is not seen, but the V-shaped curve is clearly deformed.
The slope of the o — V, curve in hole conduction regime is —13.5 mS/V, while that in electron
conduction regime is 2.8 mS/V, showing that plp = 1143 cm?/Vs, pup = 237 cm?/Vs and the
mobility ratio p$y/pks = 0.21.
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Figure 3.24: Schematics of sample fabrication. A graphene device with side arms is prepared (a),
and resist nanostructures are placed underneath the side arms (b).
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Figure 3.25: (a) SEM image of a graphene sample with side arms. (b) Raman spectra around the
2D band for two areas indicated by black and red squares.
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Figure 3.26: The spatial variation of the 2D band position.
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Figure 3.27: Gate voltage dependence of the conductivity of a device with side arms.
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Figure 3.28: Procedure of sample fabrication of method 2.

3.4.2 Method 2: introduction of strain using graphene transfer technique

In the second method for inducing strain in graphene without e-beam damage, we prepare a sub-
strate with resist nanostructures in advance, and then, a graphene film is transferred on it. In this

case, graphene is not influenced by the excess e-beam exposure.

Fabrication procedure

First, we spin-coat a Si substrate with the LOR resist, and then expose it to excess e-beam dose for
the formation of resist nanostructures (Fig. 3.28(a, a’)). We prepare another Si substrate coated
with ESPACER (Showa Denko Co.) and OEBR1000 (Tokyo Ohka Co.). ESPACER forms a thin
water-soluble layer between the substrate and the OEBR-1000 layer. Graphene is placed on it
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using the mechanical exfoliation of kish graphite (Fig. 3.28(b)). When the second substrate with
graphene is put into water, the ESPACER layer solves and graphene with supporting OEBR-1000
layer is separated from the Si substrate (Fig. 3.28(b’). This graphene sheet is transferred to the
first substrate (Fig. 3.28(c)). During the development, the resist without excess e-beam exposure
and the supporting OEBR-1000 layer are removed, so that the graphene is attached to the substrate
and strain is introduced to the graphene film (Fig. 3.28(d,e)). Figure 3.29(b) is an SEM image of

the sample.

Raman and transport measurements

Raman spectra of the sample is shown in Figs. 3.29(b) and 3.30. Figure 3.29(b) shows the Raman
2D band of two areas on graphene, one close to a resist nanostructure (red curve, B) and the other
at the midpoint of adjacent resist nanostructures (black curve, A). Figure 3.30 shows the spatial
variation of the Raman 2D band position. The maximum spatial variation of the 2D band position
is 8 ecm~!/um, which is about three times smaller than that of our previous method (about 24
em~!/pm).

Figure 3.31 shows the conductivity as a function of the gate voltage. The o — V; curve exhibits
symmetric V-shaped characteristic (uly = 140 em?/Vs, puép = 142 em?/Vs and the mobility ratio
g/ ,u%E = 1.01), which is common to unstrained graphene placed on silicon dioxide. Thus, the
effect of strain is not clear. We believe that this is because the spatial variation of strain is too

small.
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3.5 Summary

Due to the Dirac fermionic properties of electrons in graphene, strain in graphene lattice produces
a gauge field. By tailoring the gauge field produced by lattice strain, one can control electronic and
transport properties of graphene. In particular, theories tell that by connecting unstrained and
strained graphene (one-dimensional local strain), one can induce a transport gap, which is quite
important for the application of graphene to electronic devices. In this study, we focused on the
one-dimensional local strain. We developed methods to induce local lattice strain in graphene in a

controlled manner, and examined electron transport in graphene with one-dimensional local strain.

e To induce designed lattice strain in graphene, we developed a method to insert nanostruc-
tures made of dielectric material (electron beam resist) between a graphene film and the Si
substrate. The resist nanostructures were made by excess e-beam exposure of 60 mC/cm?.

Controllability of strain was confirmed by the 2D band shift in Raman spectra.

e We used a bar-shaped resist nanostructure (nanorod) to induce one-dimensional local strain
in graphene. In graphene FETs with a resist nanorod, the conductivity (o) — gate voltage
(V) curve became asymmetric; the field effect mobility of electrons was largely suppressed.
This was quite different from the o — V; curve of a conventional graphene FET placed on a
SiO2/Si substrate. To investigate the origin of the distorted o — V; curve, we performed the

following three experiments:

1. We compared electron transport in a graphene portion with a resist nanorod and that
in a graphene portion without a resist nanorod in a single graphene film, before and
after the formation of resist nanorods. The numerical results which took into account
the spatial variation of the gate capacitance were not able to explain the experimental

observation.

2. We compared electron transport in a graphene portion with excess e-beam exposure and
that in a graphene portion without excess e-beam exposure in a single graphene film.
We found that the gate voltage corresponding to the minimum conductivity was not
sensitive to the e-beam exposure, indicating that the excess e-beam exposure was not

the origin of the distorted o — V; curve.

3. We compared electron transport in two graphene devices with similar resist nanorods
but with different spatial distribution of strain. The result indicated that the o — V;

curve was more distorted in graphene with larger spatial variation of strain.

These results strongly suggested that the origin of the distorted o — V; curve was the local
lattice strain. The absence of the theoretically predicted transport gap was attributed to

small spatial variation of strain within the electron mean free path.
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e We examined the influence of the excess e-beam exposure on the mean free path. We found
that the mean free path was strongly degraded by the e-beam of 60 mC/cm?, and the influence

of the e-beam dose reached less than 1 micron from the exposed area.

e To increase the mean free path of a locally strained graphene film, we developed two methods

of inducing local strain in graphene.

1. In the first method, resist nanostructures were placed at arms of graphene sheet, which
were apart from the current path by more than 1 gym. The obtained spatial variation
of strain was comparable to that of our previous method. In transport measurement, a

clear distortion of the o — V, curve was observed.

2. In the second method, graphene sheet was transferred on the resist nanorods which were
fabricated in advance. The observed spatial variation of strain was three times smaller
than that of our previous method. The o — V; curve exhibited symmetric V-shaped

characteristic, which was common to unstrained graphene placed on silicon dioxide.
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Chapter 4

Effect of electron beam irradiation on
Raman spectra and transport
properties of graphene

As exemplified in the previous chapter, irradiation of beams such as electrons, ions (He, Ga, and
so on), plasmas strongly influences transport properties of graphene, while it is indispensable for
graphene device fabrication. For understanding the physics of beam irradiation and producing elec-
tronic devices effectively, it is preferable to evaluate the influence of beam irradiation systematically
and nondestructively. Here, we use Raman spectroscopy for the evaluation of the effect of e-beam

irradiation. We relate Raman spectra of e-beam irradiated graphene to its transport properties.

4.1 Sample and measurement

Our graphene sample was fabricated by micromechanical exfoliation of kish graphite onto a highly-
doped Si substrate covered with 300-nm SiOs. A four-terminal field effect device was defined using
electron beam lithography followed by oxygen plasma etching. A schematic of an typical sample
structure is shown in Fig. 4.1.

The device was exposed to electron beam of 50 kV several times. After each exposure, Raman
and transport measurements were carried out. The Si substrate was used as a back gate. The
e-beam dosage varied from 0 to 64 mC/cm?. From the Raman spectra, we calculated the intensity
ratio of the D band to the G band. From the conductivity, we derived the mobility and electron
mean free path as a function of the gate-induced carrier density, n.

In experiment, we repeated the electron beam exposure, Raman mapping and transport mea-

surement in this order. The experimental conditions are described below:
1. E-beam exposure: Accelerating voltage was 50 kV. Total dose varied from 0 to 64 mC/cm?.

2. Raman mapping: Laser wavelength was 532 nm, laser power was 0.1 mW, and the spot size

was about 0.5 pm.
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Figure 4.1: Schematic of sample

3. Transport measurement: Four-terminal measurement was performed at room temperature in

the air. The highly doped Si substrate was used as a back gate.

Here, Raman mapping and transport measurement were done within one hour after the corre-

sponding e-beam exposure.

4.2 Results and discussion
4.2.1 Electron-beam dose dependence

Figure 4.2(a) shows Raman spectra for several values of e-beam dose. With the increase of e-beam
dose, the Raman D band situated ~ 1350 cm~! develops, and the I /I ratio increases, as shown
in the Fig. 4.2(b), indicating that this evolution corresponds to the stage 1 of the amorphization
trajectory, in which the crystalline graphene evolves into nanocrystalline graphene.

Figure 4.3(a) shows the gate-voltage dependence of conductivity for several e-beam doses, in
which the V-shaped curve shifts to the left and the slope becomes smaller as the dose increases.
Here we note that the right part of the V-shaped curve exhibits saturation. Although its origin is
not clear at this moment, this kind of asymmetry is sometimes observed in graphene devices. So,
hereafter we focus on the left part of the V-shaped curve with hole conduction.

Figure 4.4 shows the e-beam dose dependence of the gate voltage, Vp, corresponding to the
minimum conductivity, in which Vp strongly depends on the e-beam dose. The result is quite
different from the result shown in Fig. 3.15, in which Vp of an exposed area is almost the same
as that of an unexposed area in a single graphene film. It is known that the conductivity and Vp
strongly depends on molecule adsorption, and is changed by the vacuum pumping and annealing.
Conductivity of a graphene FET device is changed even by an adsorption of a single molecule.[1]
Here, we attribute the considerable change in Vp to the vacuum pumping in a chamber of e-beam

lithography machine, and the heating by the Raman laser irradiation.
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Figure 4.3: (a) Gate-voltage dependence of conductivity for several e-beam doses. (b) E-beam dose
dependence of the carrier mean free path.

From the conductivity, we calculate the mean free path using the expression,
. h o
mip = o
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Figure 4.4: E-beam dose dependence of the gate voltage, Vp, corresponding to the minimum
conductivity .

where o is conductivity and n is the total carrier density. In the following discussion, the gate-
induced carrier density is regarded as the total carrier density. The gate-induced carrier density
is defined as n = Cy(Vy — Vp)/e, where Cy is the gate capacitance per unit area, Vy is the gate
voltage, and Vp is the gate voltage corresponding to the minimum conductivity. This approximation
is valid only for large |Vy — Vp|, where the number of carriers induced, e.g., by charged impurities
is negligible in comparison with the number of the gate-induced carriers. Figure 4.3(b) shows the
change of the mean free path as a function of the e-beam dose for two values of hole carrier density,
n=-2x10"%m™2 and n = —1x 10® m=2.!

From these results, we obtain a relationship between the Ip/Ig ratio and the mean free path.
Figure 4.5(a) shows Ip/Ig as a function of the mean free path in a liner plot for two n values,
n = —2x 10 m™2 and —1x 10 m™2.2 The Ip/Ig ratio decreases with increasing the mean
free path. When we plot this result on a log-log scale, we notice that the data points are on a
single straight line for each n value, and the slope is —1.84 for n = —2 x 10 m~2 and —2.09 for
n = —1x 10' m~2. Similar results are obtained for other n values, and the slope is about —2.
This indicates that the I'n/Ig ratio is inversely proportional to the square of the mean free path.

Thus, the relationship between the Ip/Ig and the mean free path is given by

In _ 1)

'In this thesis, a negative (positive) value of the carrier density means that the carrier type is hole (electron).
2In the following discussion, we assume that the In/Ig ratio does not depend on the gate voltage. The detailed
discussion on the gate voltage dependence of In/Ig will be given later in this chapter.
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Figure 4.5: (a) The Ip/Ig ratio as a function of the mean free path in a liner plot, for carrier
(hole) densities, n = —2 x 106 m~2 and n = —1x 10'® m~2. (b) The same result but in a log-log
plot. The lines indicate a slope of —2. (c) The carrier density dependence of the proportionality
constant f(n).

where f(n) is a proportionality constant.

Figure 4.5(c) shows the carrier density dependence of the proportionality constant f(n), in

which f(n) is proportional to the carrier density: f[m?] = 230n[x10® m~2]. By using this result,
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the relationship between Ip/Ig and the mean free path is given by

Io _ (1.2 x 10—8[m])4ﬂ.

IG lrznfp

Figure 4.6 shows the experimental results for another sample. Again for this sample, the Ip/Ig
ratio decreases with increasing the mean free path, as shown in Fig. 4.7(a). In a log-log plot (Fig.
4.7(b)), the data points are on a single straight line for each n value, and the slope is —1.92 for
n = —2x10"% m~2 and —2.23 for n = —1x 10'® m~2. Similar results are obtained for other n values,
and the slope is about —2. Thus, again for this sample, the Ip/Ig ratio is inversely proportional
to the square of the mean free path. The proportionality constant is given by f[m?] = 460n[x 106
m~2] (Fig. 4.7(c)), and the following relationship is obtained:

b _ (1.5 x 10*8[m])4ﬂ.

2
‘[G lmfp

Thus, for two samples, we find that the Ip/Ig ratio is inversely proportional to the square of the

mean free path and the proportionality constant is around (10 nm)?.
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Figure 4.6: Results for another sample. (a) Raman spectra for several values of e-beam dose.
(b)E-beam dose dependence of the In/Ig ratio. (¢) The gate-voltage dependence of conductivity
for several e-beam doses. (d) E-beam dose dependence of the carrier mean free path.

4.2.2 Change in Ip/I ratio

Next, we discuss the gate voltage dependence of the I'n/Ig ratio. For this purpose, we repeated
the micro Raman spectroscopy (mapping) for the whole graphene area successively for a particular
e-beam dose. The results are shown in Figs. 4.8 and 4.9 for e-beam dose of 10mC/cm? and

20mC /cm?, respectively, for the same graphene film. In Figs. 4.8(a) and 4.9(a), the Ip/Ig ratio is
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Figure 4.7: (a) The Ip/Ig ratio as a function of the mean free path in a liner plot for carrier
densities, n = —2 x 101" m=2 and n = —1x 10 m~2. (b) The same data but in a log-log plot.
The lines indicate a slope of —2. (c) The carrier density dependence of the proportionality constant

f(n).
plotted as a function of the number of the Raman mapping repetition, in which the shaded area

indicates the Raman mapping with gate-voltage variation. The gate-voltage dependence of the

Ip/Ig ratio taken from the data in the shaded areas in Figs. 4.8(a) and 4.9(a) is shown in Figs.
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4.8(b) and 4.9(b), respectively. As shown in Figs. 4.8(a) and 4.9(a), In/Ig dramatically decreases



as the Raman mapping is repeated, and systematic variation of Ip/Ig as a function of the gate
voltage is not seen in Figs. 4.8(b) and 4.9(b). (Even if there is a systematic variation of Ip/Ig as
a function of the gate voltage, its magnitude is below the experimental error of 0.02/100 V.) This
is the reason why we disregard the gate voltage dependence of the Ip/Ig ratio in the discussion of
section 4.2.1.

The decrease of the Ip/Ig ratio has not been reported so far. One might think that this
indicates restoration of structural defects in graphene with heating by Raman laser. However, one

needs to take into account the following experimental facts:

e A structural defect (or, knock-on damage) is reported to appear by e-beam with an energy
larger than 144 keV.[2]

e Charged impurities on a graphene surface usually do not contribute to the Raman D band.[3]
We speculate that a special mechanism for the appearance of the D band by e-beam irradiation

exists for graphene placed on a SiO4 layer. The details should be clarified in a future study.

4.3 Summary

We studied the relationship between the Raman Ip/Ig ratio and the electron mean free path in
e-beam irradiated graphene. We found that the Ip/Ig ratio is inversely proportional to the square

of the mean free path and the following expression is satisfied,

I
Ip _ glnl

The proportionality constant is a = 12 nm and 15 nm for two samples. Also, we found that in

e-beam irradiated graphene, the D band intensity decreases by the Raman mapping.
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Chapter 5

Summary

This thesis deals with experimental studies on electron transport in graphene under the influence of
local lattice strain and electron beam exposure. We obtained graphene films from the micromechan-
ical exfoliation of kish graphite, and fabricated FET-type devices using electron beam lithography,
metal deposition, lift-off, and oxygen plasma etching. Micro Raman spectroscopy was used for
identification of graphene and characterization of the defect density as well as local lattice strain.
Electron transport measurement was performed at room temperature in vacuum or in the air using

a probe station.

Effect of lattice strain

Due to the Dirac fermionic properties of electrons in graphene, strain in graphene lattice produces
a gauge field. By tailoring the gauge field produced by lattice strain, one can control electronic and
transport properties of graphene. In particular, theories tell that by connecting unstrained and
strained graphene (one-dimensional local strain), one can induce a transport gap, which is quite
important for the application of graphene to electronic devices. In this study, we focused on the
one-dimensional local strain. We developed methods to induce local lattice strain in graphene in a

controlled manner, and examined electron transport in graphene with one-dimensional local strain.

e To induce designed lattice strain in graphene, we developed a method to insert nanostruc-
tures made of dielectric material (electron beam resist) between a graphene film and the Si
substrate. The resist nanostructures were made by excess e-beam exposure of 60 mC/cm?.

Controllability of strain was confirmed by the 2D band shift in Raman spectra.

e We used a bar-shaped resist nanostructure (nanorod) to induce one-dimensional local strain
in graphene. In graphene FETs with a resist nanorod, the conductivity (o) — gate voltage
(Vg) curve became asymmetric; the field effect mobility of electrons was largely suppressed.
This was quite different from the o — V, curve of a conventional graphene FET placed on a
SiO2/Si substrate. To investigate the origin of the distorted o — Vi curve, we performed the

following three experiments:
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1. We compared electron transport in a graphene portion with a resist nanorod and that
in a graphene portion without a resist nanorod in a single graphene film, before and
after the formation of resist nanorods. The numerical results which took into account
the spatial variation of the gate capacitance were not able to explain the experimental

observation.

2. We compared electron transport in a graphene portion with excess e-beam exposure and
that in a graphene portion without excess e-beam exposure in a single graphene film.
We found that the gate voltage corresponding to the minimum conductivity was not
sensitive to the e-beam exposure, indicating that the excess e-beam exposure was not

the origin of the distorted o — V; curve.

3. We compared electron transport in two graphene devices with similar resist nanorods
but with different spatial distribution of strain. The result indicated that the o — V;

curve was more distorted in graphene with larger spatial variation of strain.

These results strongly suggested that the origin of the distorted o — V; curve was the local
lattice strain. The absence of the theoretically predicted transport gap was attributed to

small spatial variation of strain within the electron mean free path.

e We examined the influence of the excess e-beam exposure on the mean free path. We found
that the mean free path was strongly degraded by the e-beam of 60 mC/cm?, and the influence

of the e-beam dose reached less than 1 micron from the exposed area.

e To increase the mean free path of a locally strained graphene film, we developed two methods

of inducing local strain in graphene.

1. In the first method, resist nanostructures were placed at arms of graphene sheet, which
were apart from the current path by more than 1 ym. The obtained spatial variation
of strain was comparable to that of our previous method. In transport measurement, a

clear distortion of the o — V, curve was observed.

2. In the second method, graphene sheet was transferred on the resist nanorods which were
fabricated in advance. The observed spatial variation of strain was three times smaller
than that of our previous method. The o — V; curve exhibited symmetric V-shaped

characteristic, which was common to unstrained graphene placed on silicon dioxide.

In the future experiments, we need to improve the design of resist nanostructures to make larger
spatial variation of strain within the mean free path, e.g., by using thicker resist and by suspending

the graphene sheet.
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Effect of e-beam irradiation

Raman spectroscopy is a nondestructive and easy technique to characterize graphene. However, the
relationship of Raman spectra with transport-related physical quantities has not been examined
yet. Here, we studied the relationship between the Raman Ip/Ig ratio and the electron mean free
path in e-beam irradiated graphene. We found that the Ip/Ig is inversely proportional to the

square of the mean free path and the following expression is satisfied,

I n
Ip_ palnl
Ia lInfp

The proportionality constant is ¢ = 12 nm and 15 nm for two samples. Also, we found that in

e-beam irradiated graphene, the D band intensity decreases by the Raman mapping.
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