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Abbreviations

AFM ........... Atomic Force Microscopy
CVD ........... Chemical Vapor Deposition
FIB ............. Focused Ion Beam

h-BN ........... hexagonal Boron Nitride
IPA ............. Isoropyl Alcohol
MC............. Magnetoconductance
MIBK .......... Methyl Isobutyl Ketone
MR ............. Magnetoresistance

NMP ........... N-Methyl-2-Pyrrolidone
PMMA ......... Poly(Methyl Methacrylate)
SEM ............ Scanning electron microscope
WL ............. Weak Localization

WAL ........... Weak Antilocalization

XPS ............ X-ray Photoelectron Spectroscopy
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Synopsis of This Work

Charge carriers in graphene form two-dimensional gases which are exposed to
the surroundings, unprotected. Therefore the electrical performance of graphene
is extremely sensitive to the environmental conditions; specifically charged im-
purities at its interface with the substrate as well as topological perturbations in-
herited from the underlying substrate can account for the degradation of its car-
rier transport properties. Optimizing the environment by supporting graphene
with a neutral and crystalline hexagonal boron nitride buffer layer is a tech-
nique to get rid of the parasitic effects of the substrate which is one of the
objectives of this work. In this case, the effects of the improved substrate on
the phase coherence transport of the carriers are assessed and compared with
a reference graphene/silica device through low-temperature weak localization
interference measurements. Also a novel technique for in-situ fabrication of such
heterostructures is introduced and examined. Removing the substrate and sus-
pending graphene is another approach for optimization of the graphene envi-
ronment which is the other important topic covered in this thesis. In this sense
and after introducing an improved recipe for preserving the quality of graphene
throughout the complicated fabrication process, we probe the room- and low-
temperature performance of graphene based nano-electro-mechanical devices.
The obtained data are used for characterizing the thermal expansion of CVD
graphene.

Questions Addressed in This Work

Today hexagonal boron nitride (h-BN) is considered as the best substrate for
graphene [1]. Its neutral, very flat surface and crystalline structure that matches
well with graphene are considered as its most important qualities. Some aspects
of this stacking like the mean free path of the charge carriers in both exfoliated [1]
and CVD[2] graphene, or the distortion of the band structure of graphene [3]
have been studied before. However there are still many open questions: for ex-
ample so far no study about the effect of this substrate on the phase-coherent
interference effects like weak localization, Fabry-Pérot oscillations and Joseph-
son effects has been reported. So there is a big question regarding the influence
of the substrate (h-BN) on the phase coherent phenomena and corresponding
length of the carriers in graphene. Chapter 2 shows our experimental results on
the effect of the h-BN buffer layer on the transport properties of graphene at low
temperatures. We will focus mainly on the weak localization effect in graphene
and compare the corresponding scattering and coherence lengths on h-BN and
silicon wafer, showing that h-BN can help improve the phase coherence length
of the carriers as their mean free paths.
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CHAPTER o. SYNOPSIS OF THIS WORK

Typical techniques used for transferring graphene on h-BN flakes are normally
very time-consuming and requires a lot of care to preserve its quality. Although
there are some attempts for chemically growing graphene directly on top of the
h-BN flakes [4][5], none of them are optimized in terms of the growth process
as well as the size and quality of the resultant graphene. In a separate chap-
ter of this thesis (Chapter 3), the question of the possibility of directly growing
large and high quality graphene on h-BN flakes will be addressed. There we
introduce a new technique for in-situ growing graphene/h-BN stacks in which
precursors have indirect access to catalyst. The introduced method has some ad-
vantages over the normal transferring techniques. Also the transport and Raman
signatures of such graphene are compared with the typical transferred ones.

Chapter 4 mainly deals with suspending graphene that provide another tech-
nique to eliminate the substrate-related perturbations. To what extent one can
preserve the quality of graphene by doing this? What are the techniques which
are utilized to fabricate this kind of samples and how can we improve them?
These are the questions answered in this chapter. There we will see that by remov-
ing the substrate and associated charged impurities, indeed one can improve the
transport properties of graphene in some senses. Different techniques which are
commonly used for fabrication of these devices are reviewed and an improved
recipe to obtain very clean and high quality graphene is introduced. Once the
suspended graphene devices are realized, the next question is: can one use such
devices as mechanical resonators? If yes, what are the possible techniques to ex-
cite such devices and detect their oscillations? This chapter covers the answers
for such questions. There we show that indeed it is possible to drive suspended
graphene to vibrate; the methods for actuation and detection of them are also de-
scribed. In addition, we will see the effect of the process residual and gate-related
electrostatic stresses on the mechanical resonance frequency. We will go further
by introducing another source of stress which is thermal stress; its effect on the
resonance frequency and quality factor of the resonators will be discussed. The
low-temperature results can be employed to extract the coefficient of the thermal
expansion of CVD graphene.

Main Results and Organization of the Manuscript

This manuscript, begins by reviewing the important properties of graphene in
the Introduction. From different points of view, graphene has many interesting
properties; however its most important electrical, mechanical and thermal char-
acteristics which are addressed in the later chapters are presented here. The main
idea of this chapter is to provide and gather all the necessary theories and exper-
imental results which are essential to understand and drive our later analysis.
In Chapter 2 we will introduce graphene/h-BN heterostructures. The main ad-
vantages of using a h-BN buffer layer to support graphene are reviewed and
after describing the fabrication technique, we will focus on the low tempera-
ture transport properties of such systems. The samples consist of long CVD
graphene ribbons lying on both h-BN and on silicon; this gives the opportunity
to readily examine the effects of the substrate. We see improvements in the low-
temperature zero-field transport characteristics of the quasiparticles of graphene
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(a)

Figure 0.1: Weak localiza-
tion analysis of our devices
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field, weak localization
shows up as a peak in the
resistivity of the devices, at
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(b) b) Measurements of the
1.0 [ Ve=Vp EIJ phase  coherence length
F log & (Ly) as a function of the
0.8 - u Ar0.6 g inverse temperature (1/T,
< L ot ’ main panel) and carrier
20.6- 100 101 1012 density (n, inset figure)
= T O onh-BN on graphene lying on
m 4 onsi0y h-BN and on silicon: Our
o analyses  confirm h-BN
0.2 Jﬁg"‘ """" Ao R improves Lg, in most of the
0.2 04 06 08 10  density and temperature
1/T (KY) ranges we have measured.

once it lies on h-BN. Next we focus on the low-field weak localization interfer-
ence effect of the samples. We fit our results with existing models and try to
extract the characteristic lengths involved. Interestingly we see that h-BN can
enhance the phase coherence length of the charge carriers. We have examined
the effect of the temperature and carrier density on this effect (Figure 0.1).

A new method for fabricating graphene/h-BN heterostructures which we call
proximity-driven CVD growth is the main point addressed in Chapter 3. Consider-
ing the difficulties and disadvantages of fabricating such devices by transferring
graphene on h-BN flakes, few methods have been developed for in-situ fabricat-
ing the structures e.g. in a CVD process and by skipping the catalyst. However
such techniques suffers from very long fabrication durations and small size of
the graphene crystals (both as results of the absence of the catalyst) as well as
low transport quality of the final devices. In this chapter, we introduce a novel
method which differs from all the previously reported similar works in the sense
that the catalyst is still present: precursors decompose on the typical Cu foils in
the usual CVD process and then the resultant carbon atoms migrate on top of
the already exfoliated h-BN flakes on this Cu foil and form a graphene layer. We
have characterize such systems extensively with Raman and AFM techniques,
directly after the growth and after transferring the stack on silicon wafer. Also
the transport measurements have been performed and the results are compared
with similar devices fabricated by typical transferring techniques. Our devices
show the charge carrier mobilities of =~ 20,000cm?/V.s which is far above that of
devices made in the other direct growth techniques. Figure 0.2 shows selection
of results reported in this chapter.

15
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Figure 0.2: Selection of the results of
our introduced proximity-driven in-situ
CVD growth technique of graphene/h-
BN stacks

a) Topography AFM mapping of a h-BN BN
flake exfoliated on the Cu foil after the
growth process

b) Raman analyses on this flake reveals 0
the characteristic D, G and 2D modes - \ G

of graphene together with BN signature ”MWM
which proves the growth of graphene in 1200 1400 1600 2600 2800
this technique. Raman shift (cm)™

(b)

intensity (a.u.)

Chapter 4 deals with CVD graphene based nano-electro-mechanical systems.
Graphene possesses outstanding mechanical properties which makes it a good
candidate as the active element of nano-resonators. In this chapter and after
reviewing the most important reports in this area so far, we first introduce an en-
hanced fabrication recipe to preserve the quality of graphene in the complected
fabrication procedure. The main idea of this recipe is to protect the surface of
graphene with a polymeric layer through the process which minimizes deposi-
tion of the contaminations as well as the risk for the formation of the wrinkles
and defects by the chemicals. At the end of the fabrication step, we manage to
fabricate arrays of high quality suspended graphene devices ready for excitation.
later we focus on the mechanical resonance measurements and assess the effects
of the electrostatic- and temperature-induced stresses on the resonance parame-
ters. By employing the existing models, we manage to extract the coefficient of
the thermal expansion of CVD graphene and compare it with the exfoliated one.
Few of the results of this chapter are illustrated in Figure 0.3
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Figure 0.3:  Selection
of the results reported
in Chapter 4
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Introduction

The single layer two-dimensional material formed of carbon atoms bounded to
each other in a honeycomb lattice which is referred to as graphene is now one
of the extensively studied materials in the world. This material is the build-
ing block for some other graphitic materials with other dimensionalities includ-
ing zero-dimensional buckyballs, rolled and one-dimensional carbon nano-tubes
and stacked 3-dimensional graphite [6][7].

The fast uptake of interests in graphene is primarily due to a number of excep-
tional properties which have been predicted or observed in it, including highly
mobile and gate tunable carrier density [8], superior thermal conductivity [9][10],
extremely high optical opacity [11], anomalous quantum Hall effect[12][13] and
outstanding mechanical performance [14][15]. Besides all such appealing proper-
ties, we have to consider the fact that there is no protective layer for the carriers
in graphene; thus electrons and holes are easily accessible and manipulatable.
This distinguishing trait works as a double-edged sword: From one side, it makes
graphene a promising material for making hybrid systems as just by putting dif-
ferent materials with diverse properties close to, one can functionalize it [16][17].
On the other side, this accounts for the ultra-high sensitivity of graphene to the
environmental conditions. Here the quality of the underlying substrate plays an
important role for defining its characteristics in applications. Optimizing the en-
vironment by removing the substrate or by supporting graphene with a neutral
and crystalline hexagonal boron nitride buffer layer are the techniques to get rid
of the parasitic effects of the substrate and is the objective of this work.

The goal of this chapter is to collect, introduce and summarize the important
characteristics of graphene and theories developed for describing them; here we
focus only on those of graphene properties which are recalled and used in the
next chapters. We start by reviewing the history of graphene, from the early ob-
servation of the multilayer and rather thick graphite to the isolated monolayer
graphene. Then the electronic properties of graphene which arise from its hon-
eycomb lattice is extensively studied. Topics like ballistic and diffusive transport,
mobility and scattering mechanisms in graphene are covered there. At the next
section, by describing the electrical performance of the graphene carriers under
the magnetic field, we prepare the basics for the discussions covered in chapter
2. Mechanical and thermal properties of graphene are the last topics covered in
this introductory chapter.

19



20

CHAPTER 1. INTRODUCTION

1.2 History of Graphene

Decomposing bulk graphite to its components has had a long history dating
back to the 10t™ century. In this section, we review the important milestones in
the history of graphene.

1.2.1 Early Observations of Graphene

The term graphene is a name constructed by combining the prefix of graphite to
the suffix -ene used to name a molecular entity. It was firstly assigned officially
to single layers of graphite by German chemist, Hanns-Peter Boehm [18] and he
is among the first who has observed and identified single layers of graphene [19].
The technique they used is based on the chemically exfoliated graphite oxide:
Bulk graphite can be oxidized by reacting with strong oxidants like sulfuric
acid, potassium permanganate or sodium hydroxide. This process results in ex-
panding the graphite interlayers to the point of decomposition into constituent
graphene oxide flakes. They have measured the thickness of graphene layers
with transmission electron microscopy (TEM) and x-ray diffraction techniques;
However they are not the first who has analyzed few layer graphene with TEM
since the first observations of ultra thin graphite flakes using TEM is reported by
Von G. Ruess and F. Vogt[20], 20 years before Boehm’s work. Figure 1.1-a and
b show examples of the TEM observations reported in the Ruess’s and Bohem's

papers.
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Figure 1.1: The first microscopic observations of few and monolayer graphite samples
using the transmission electronic microscopy (TEM) technique

a) The earliest report on the TEM observation of graphite by Ruess and Vogt [20]. They
have done this work in 1948.

b) Images of the thin (few- and monolayer) graphene flakes observed by Boehm et al in
1962 [19].

c) Table showing the measured thicknesses of the flakes reported in Boehm's paper. Note
that sub-nanometer thick (thus single layer) graphene layer is indeed observed.

The thinnest graphene layer Boehm measured in his experiments (Figure 1.1-c)

is 3 Athick, a thickness which we now know corresponds to monolayer graphene.
This is a direct proof that they are the first who managed to observe graphene.

Interestingly, Boehm never called his experiments a discovery; they believed that
what they made is in the line of the exfoliating graphite which has a long history
back to 1840 [21].

1.2.2 From Early Observations Towards Isolation of Graphene

Shall we call it discovery or not, apparently the existence of stable monolayer
graphene layers was forgotten or overlooked by the community of physicists
for a long time. Maybe the fact that their paper was published in a language

different than English (it was written in German) has probably to do with it.

For decades before mid 2000’s, monolayer graphene has been presumed not to
be stable in a free state [22] as fluctuations were expected to induce collapse or
crumbling.

This common mistake continued until 2002, when the US patent number
7071258 was filed by Bor Jang and Wen Huang [23]. Titled nano-scaled graphene
plates and assigned to Nanotek Instruments, it describes a technique to realize

final graphene sheets after few chemical, thermal and mechanical treatments.

This technique starts by partially or fully carbonizing the polymer precursors
to obtain graphite crystals in micro and nano-scales. Alternatively they propose

21
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Not only this is

the first patent for
producing graphene,
but also the term
nano-scale graphene
plates (NGP) which
is advertised by some
companies today is
invented by them.

CHAPTER 1. INTRODUCTION

thermal treatment of petroleum and coal to obtain the same. At the next step,
they exfoliate these small crystals, e.g. by a rapid thermal shock. The process
finishes by mechanical attrition treatment (ball milling for example) to produce
the plates. In their patent, they have introduced a conceptual sketch of producing
graphene sheets by unrolling carbon nanotubes (Figure 1.2) which indeed turned
out to be an interesting technique to generate carbon nanoribbons [24][25].

(¢) (d)

Figure 1.2: Unzipping carbon nanotubes for fabricating carbon nanoribbons

The first patent for producing graphene layers signed by B. Jang and W. Huang reveals
a conceptual sketch for producing graphene sheets by unrolling single- or multi-walled
carbon nanotubes. Figure adopted from [23].

Shigeo Horiuchi is another scientist who had an important contribution in the
history of graphene. In 2003, he and his coworkers managed to develop a tech-
nique based on the oxidation of graphite, to realize very thin graphitic flakes
which they referred to as carbon nanofilms (CNF) [26]. Using high-resolution trans-
mission electron microscopy and electron diffraction they studied the stacking
sequence of the graphene sheets which they call carbon six-membered-ring planes.
In their next paper [27], they tried to count the number of the stacked layers in
CNF using electron diffraction intensity technique. Their published TEM images
seems to detect single graphene sheets(Figure 1.3).
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Figure 1.3: Selected of the results reported in Horiuchi’s paper [27]

a) and b) High-resolution TEM images they obtained from graphite samples after
chemical exfoliation: They believe that at the site marked by arrows in (a) graphene
layers separate into branches. Also the hardly visible dark line along the arrow in (b)
corresponds to a single graphene layer.

The most important step in the history of graphene was paved when K. S.
Novoselov and A. K. Geim refined a known cleaving technique and succeeded
to repeatedly isolate pristine monolayered graphene on silicon substrates. In
this technique, exfoliation of graphite is done by peeling flakes with a scotch-
tape[28]. This handy and cheap technique can effectively lead to high quality
graphene flakes. This discovery rapidly lead to another publication [8] describ-
ing the electron transport properties of graphene for the first time. Even though  Volume 438 of the Na-
what they did was not the discovery of graphene, they triggered all the graphene  fur¢ journal in which
ivities leadine to di . 1 it tstandi " b Thi Novoselov and Geim
activities leading to discovering all its outstanding properties one by one. This .01 treir second
was one of the important reasons persuading the Royal Swedish Academy of Sci-  work also contained

ences to select them for the Nobel Prize in physics in 2010. another outstanding
article about exploring
electronic properties

of graphene [12]; This
work was done by a
group in Columbia
University lead by
Philip Kim.

20 um

Figure 1.4: The first isolation of graphene

a) The first optical image of the the fewlayer graphene reported by Novoselov et al [28]
b) Andre Geim (left) and Konstantin Novoselov (right) were awarded the Nobel Prize
in physics in 2010 for their achievements in isolation and characterization of graphene.

1.3 Electronic Transport Properties in Graphene

Graphene has unique electronic properties which arises from its 2D charac-
ters and specific hexagonal crystalline structure. In this section, after having
described the crystal of graphene, important electron transport properties of
graphene will be introduced.
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one unit cell

Figure 1.5:  Honeycomb lattice  of
graphene

The lattice of graphene composes of two
merged triangular sublattices with dj
and d5 as the lattice unit vectors. A unit
cell of graphene is defined by the dashed
lines there which contains two atoms
from A and B sublattices. ® P

1.3.1 Crystalline Structure and Energy Dispersion of Electronic states

In graphene, each carbon atom is bonded to two neighboring ones through
strong covalent bounds to make a dense hexagonal (honeycomb-like) 2D lat-
tice; The atomic density of graphene is 36 carbon atoms per nanometer square.
One can then see graphene as an infinitely large molecule which is the structural
building block of other carbon allotropes including graphite, carbon nanotubes
and fullerenes; The interlayer distance between graphene layers when they are
piled up in the form of graphite is measured 3.35 A.

Figure 1.5 shows a schematic representation of the crystalline structure of
graphene. Here dj and d) are lattice vectors defined as: dj = a(v/3/2,1/2) and
@ = a(v/3/2,—1/2) where |dj| = |d3| = a = 2.46 A. In the reciprocal space, the
lattice vectors of graphene are given by by = 32—5;(1, V3) and b, = 327”0(1,—\@).
For a pristine graphene, the Hamiltonian can be written as:

H=-t Z (a;ib@j +hec)—t Z (ag,ia(y,j +bto,ibg; + h.c.). (1)
1,),0 i,j,0

In this equation, ai,; and (a)L,i are respectively the annihilator and creator
operators for electrons with spin o while a and b refers to the sites A and B in
the lattice. This equation for Hamiltonian is obtained using tight-binding method
considering that electron can hop to the nearest and second nearest-neighbors.
The energy bands obtained from this Hamiltonian was calculated as early as

1947 by Wallace [29] long before graphene became popular:

Ei(K) = +ty/3 4+ f(k) —t'f(k), (2)

where (k) = Zcos(\@ky a) + 4(:os(§kIJ a)cos(%kx a). In these equations, while
k refers to the wave vector of the electrons, t and t” are of the energy unit and cor-
respond to the nearest-neighbor and second nearest-neighbor hopping energies.
Also the plus and minus signs apply for the upper and lower electron bands
respectively. Theoreticians normally skip the second-order hopping mechanism
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(terms containing the t’ parameter in above equations) to simplify the relations.
In this case by solving the Equation 2 for continues values of ky and k,, one
can plot the famous band structure of graphene (Figure 1.6-a). Here the upper
sheet corresponds to the conduction band while the valence band is represented
by the bottom surface. At two points within the Brillouin zone of graphene, the
valence and conduction bands touch each other which are normally referred to
as Dirac points and labeled by K and K" wave vectors. Close to these points, the
energy bands can be approximated by a conical shape, as the energy dispersion
has a linear dependence with the wave vector:

Ei(q) = thve | k—K]|, (3)

while v¢ is the Fermi velocity which is calculated to be v¢ ~ 1 x 10°m/s [29].
This is the velocity which carriers travel in graphene and is 1/300th the speed of
light. Then, one can see this equation as a limit of the Einstein’s energy-momentum
relation E = /m2c* + p2c? with m = 0 and ¢ = v¢. This is why the carriers in
graphene are called massless particles. The facts that the energy disperse linearly
with momentum and the conduction and valence band touches each other in
single points without energy gap are the most important aspects of the energy
dispersion relation in graphene[30].

1.3.2 Gate Tunable Charge Carriers

One of the most interesting properties of graphene is the fact that the sign and
density of charge carriers (electrons and holes) can be adjusted with an electro-
static gate voltage. Indeed, one can apply a gate voltage to graphene and corre-
spondingly change the level of the Fermi energy and thus the population of the
carriers there. Figure 1.6-b shows typical field dependent behavior of the resis-
tivity p = 1/0, (0: conductivity) of graphene. Pristine and high quality graphene
devices show maximum resistivity of ~ 6.5k() at zero gate voltage which corre-
sponds to the Dirac point position. Any charged impurities and contaminations
close to the graphene may shift the position of the Dirac point. Simple equa-
tion can be employed to calculate the density of the carriers (1) in an arbitrary
applied gate voltage (Vy):

n=C(Vy—Vp)/e. 4)

Here C is the gate capacitance of the substrate while Vp and e respectively refers
to the position of the charge neutrality point and to the elementary charge. For
typical graphene devices backgated with 285nm oxide covered silicon wafers,
the population of the carriers is of the order of 10'? electrons per centimeter
square for a gate voltage of Vg —Vp ~ 10V. In theory, while the gate voltage
approaches the charge neutrality point, the density also goes to zero and thus
the device becomes less conductive. The term electronic mobility shown by w link
the conductivity to the charge carrier carrier densities:

o

UrE = a (5)
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This equation is based on the Drude model for conductivity [31]. The mobility cal-
culated here is density dependent and thus is called field-effect mobility. Besides,
there is another commonly utilized definition for the mobility which is referred
to as density-independent mobility (1) and is based on the self-consistent diffusive
transport model [32]:

he = [(1/0—ps) " — o0l 6)

en
In this equation, p; is a constant contribution to the resistivity from short-range
scatterers (e.g. crystalline defects) and oy is the residual conductivity at the Dirac
point. The mobility obtained here is charge-independent and is attributed to the
long-range charged impurity Coulomb scatterers.

Mobility of graphene is normally reported in the unit of cm?/V.s and is
one of the important quantitative parameters revealing the quality of graphene
for nanoelectronics. Both intrinsic (defect density) and extrinsic (charge envi-
ronment, etc) contributions may affect it and thus its values depends a lot on
the fabrication techniques and environment. A couple of years ago, graphene
with a room-temperature mobility of y. ~ 20,000cm?/V.s was considered a
high quality sample; but recent progresses in the fabrication techniques makes
graphene devices with mobilities higher than 100,000 cm?/V.s normally achiev-

able [33][34][35].

(b)

[}

Energy (eV)
resistivity (kQ)

Figure 1.6: Gate dependent carrier density in graphene

a) Energy spectrum of graphene calculated by (Equation 2) and skipping the second
neighbors interactions

b) Gate dependent resistivity of graphene: By changing the applied gate voltage one
can tune the Fermi energy level and population as well as the type of the carriers in the
graphene lattice.

1.3.3 Ballistic Transport in Graphene

Carriers in graphene experience different kinds of scattering events which tend
to limit its electronic mobility; The length through which an electron or hole can
travel in between two subsequent scattering events is called mean free path (I).
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Theoreticians normally consider two distinct transport regimes depending on
the ratio of I/L where L is the length of the devices. In the limit when the mean
free path is comparable or larger than the length of the sample, transport is said
to be ballistic. Here the Landauer formalism [36] can be employed to describe the
conductivity:

L 4e? &
Oballistic = 1y 1 > Tn (7)
n=1

In this equation the sum is over all the available transport channels with the
transmission probability of T;,.

1.3.4 Scattering Mechanisms in Graphene

On the other limit, when the mean free path is much less than the device length,
the transport is said to be diffusive; here the carriers experience many elastic and
inelastic scattering events traveling from one electrode to the other one. There are
few models to describe the conductivity under this regime, but to understand
them, we need to review different scattering mechanisms in graphene. Parasitic
potential due to the charged impurities on the substrate, crystalline defects and
phonons of the lattice are considered as the most important sources of scatter-
ing in graphene [32][37][38][30]. However, the degree of their importance is not
the same and at different thermal or density regimes they become more or less
dominant.

1.3.4.1 Charged Impurities

Coulomb scatterers is another name for charged impurities and is considered as the
most effective scattering mechanism in graphene [32][39][37]. Electrostatic poten-
tials like buried charges at the surface of the substrate can effectively influence
the transport of the carriers even though there are very far from each other. This
is the reason that this type of scatterers is called a long-range scattering mech-
anism. Adam and coworkers employed a semi-classical approach to modelize
their effect on the conductivity (o) [39]:

B 20e? n

o .
hTLi

(8)

This equation is obtained by considering a homogeneous distribution of the im-
purities with the density of ny; it is valid for the graphene on SiO,/Si substrate
and high carrier density regime (n > ny).

1.3.4.2 Crystalline Defects

Natural defects existing in the crystal of the graphene or occurring in the fab-
rication process of the devices is another remarkable source of the scattering
in graphene. The earliest theory paper to model the transport in graphene [32]
modelized this kind of defects as zero-range scatterers, which only turns to be
important when the density of the carrier is very high. Later Stauber et al[37]
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developed another theory which considers these defects as mid-gap states. In this
model, strong disorders associated with the voids are modeled as deep potential
wells which can influence the transport of the carriers not only at high gate volt-
ages but also close to the Dirac point, in the low carrier density regime. We will
review this model in more details in Section 1.3.6.

1.3.4.3 Lattice Phonons

At finite temperature, the transport of the quasiparticles in graphene is affected
by crystalline vibrations of graphene. They form a fundamental scattering source,
i.e., they can affect the mobility at finite temperatures even in the absence of all
extrinsic scattering sources. Theoreticians suggest to skip the effect of all the
phonon modes of graphene except the longitudinal acoustic (LA) one since the
energy scales of the other modes are normally too high to provide a valuable
scattering channel in typical temperature ranges [30]. Here two different trans-
port regimes are considered which is determined by the characteristic Bloch-
Gruneissen temperature (Tgg)[38]: Tsg = 2krvpn/ks, where kg, kr and vy, re-
fer to the Boltzmann constant, Fermi wave vector of graphene (kf = y/nm) and
sound velocity. This paper show that for high carrier density (n > 10’2 cm~2)
and in the regime when T >> Tg, the resistivity of the device is linearly depen-
dent to the temperature p o< T while in the other limit T < Tgg, p T4,

1.3.5 Electronic Conductivity at Low Density Regime

Being a semimetal, the density of states in graphene and thus its conductivity
is expected to vanish around the Dirac point (Figure 1.6). However, the experi-
mental observations show that by reducing the density, conductivity of graphene
saturates at a finite value (0sq¢). The earliest report on the field dependent trans-
port measurement of graphene [8] showed that the majority of their samples
have minimum conductivity of o5qt = 4e?/h (corresponding to pmax = h/4e?)
and thus they believe that the quantum unit of conductance 4e?/h is the uni-
versal value for all graphene samples (Figure 1.7-a). In contrary, Tan and his
coworkers [40] measured the total number of 19 samples which show minimum
conductivity values between 2 —10e?/h at low density limit (Figure 1.7-b). So
they conclude that there is no universal value for the conductivity. The saturation
value of the conductivity is still under debate, however as the recent measure-
ment results with high quality samples seems to support the idea of having
universal conductivity [34].

Regardless of its value, the origin of this saturation of conductivity is another
question. Most literature believe that the trapped charged impurities close to the
graphene sheet (on the substrate for example) collapses the area of the graphene
into puddles of electrons and holes which causes spatial fluctuations in doping
levels [32]. The average variation of the local Dirac point from the Fermi energy
characterizes an energy bandwidth Efg,;, within which the effect of gating is
limited to a rearrangement of carriers between electrons and holes without con-
siderably changing the entire carrier density. This picture is more supported now
after experimentally observation of electron and hole puddles [42](Figure 1.7-c).
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Figure 1.7: Remarkable studies about the value and origin of the minimum conductivity
in graphene

a) The value (open circles) and histogram (orange background)) of the maximum resis-
tivity (p = 1/0) of the measured samples with different mobilities () by [8]: Most of
the samples show minimum conductivity of around osqr = 4e?/h. Figure is reprinted
with adoptions.

b) Results of a similar works done by [40]: The minimum conductivity of the samples
they made do not show any remarkable trend. The open and filled circles here corre-
sponds to different samples and the dotted horizontal line show the value of 4e? /h.
Figure is reprinted with adoptions.

c) Experimentally observed local charge inhomogeneities near the charge neutrality
point in graphene: This mapping is done with low-temperature STM measurements.
Figure is adapted from [42].
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1.3.6 Transport Models in the Diffusive Regime

There are few models developed for describing the transport of graphene in
the diffusive regime which are normally derived from the Boltzmann theory for
conductivity [43]. Such models are in general based on the estimation of the
scattering time (the timespan between two subsequent scattering events) corre-
sponding to different scattering mechanism at different regimes. Proposing rela-
tions to calculate the conductivity in applications and dealing with the universal
conductivity are the major points addressed in such papers.

The first model of this kind is proposed by Hwang and his coworkers[32].
They claimed that almost all experimental findings can be explain by utilizing
the Boltzmann theory and by renormalizing the carrier density close to the Dirac
point with the potential fluctuations due to the residual charge densities. There
is no universal conductivity extracted from their theory and thus it does not
match with some of the works predicting a minimum conductivity of 4e2/h for
graphene. However the most important criticism for their work is that only at
high density of charge impurities (> 10'? cm~2) does their theory match with
the mobilities observed experimentally.

The next important model is proposed by [39]:

Ce? n* *
o(n) = v~ forn < n’, ©)

Ce? n *
v— forn > n*.

In this model, 7 and ni,p, respectively refer to the density of the carriers (calcu-
lated by Equation 4) and density of the charged impurities. n* corresponds to
the density below which the electron and hole puddles start to form and thus
the conductivity saturates. Dimensionless parameter C depends on the dielec-
tric parameters of the substrate and is set to 20 for Si0, wafers. In this model,
conductivity depends linearly to the charge density (for n > n*), so it fails to
describe the conductivity in high quality samples which are normally character-
ized by strong sublinear conductance [44][1][33]. Furthermore, in this model at
the low density regime n < n*, the conductivity saturates at a value defined
by 0sat = %ﬁ which is very close to the reported osqt = 4e? /h for dirty
samples (Nimp ~ 3.5 x 10'2 cm~=2). For clean samples (Mimp ~ 2 X 10" cm—2),
conductivity saturates at o5qt = 8e? /h which does not match with experimental
results.

Another important model is proposed by Stauber and coworkers[37]. Using
the semi-classical Boltzmann theory they developed a theory based on scattering
by mid-gap states. In this model, strong disorders associated with the voids are
modeled as deep potential wells. Such states can happen because of the crys-
talline defects like vacancies, cracks or because of the impurities on the substrate
and graphene boundaries. The resulting scattering time, scales logarithmically
with wave vector k, as follows:

2e2 k2
Ovacancies = Tﬁln(kFRO)zr (10)
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here ng and Ry refer to the density and characteristic size of the defects respec-
tively. The most important predictions of this theory are:

¢ Dirty samples have quasi-universal minimum conductivities.
¢ Clean samples have higher minimal conductivities.

* Increasing the gate voltage leads to a sublinear behavior of the conduc-
tivity. The results of this theory match well with the experimental reports
assuming an equal concentration for long-range Coulomb scatterers and
vacancies of the order of ni ~ 10'° to 10" Tem—2.

1.4 Graphene under Magnetic Field

Measuring the transport properties of graphene in the presence of the magnetic
field was one of the first experiments done after successful realization of the
monolayer graphene sheets [8][12]. In this section, we are going to review the
fundamental physics relevant to the quantum Hall effects (QHE) and localization
phenomena in graphene. In each subsection the most important experimental
reports will be discussed.

1.4.1 Pseudospin and Chirality

We can see the two-dimensional nature of graphene as a gas of electrons in x-y
plane which is confined by very high potentials in the z direction. The graphene
sheet can work as a potential well with infinite walls. An electron traveling in
such 2D lattice of graphene is rather different from the typical materials because
of the existence of the two lattice sites; this will invoke the concept of chirality.

As we discussed before (Section 1.3.1), at low carrier densities around the
Dirac point, the energy dispersion of the electrons is linear and they mimic
massless charged carriers. Around the K point, the Hamiltonian of graphene
(Equation 1) can be simplified in the form of:

0 ke—ik L o
H = hvr (kx+iky 01 ‘*) = hveG -k, (11)

and the motion of electrons in the continuum limit is described by [45]:
—ihved - Vi (F) = E¥k (F), (12)

where ¢ = (oy, oy ) refers to vector Pauli matrices and Wx () is a 2D spinor wave-
function [30]. Similar relation of the Equation 12 can be written for the K’ point.
The presence of the two independently equivalent A and B sublattices leads to
the chirality in graphene energy spectrum, in which the two linear branches in-
tersecting at the charge neutrality point become independent from each other;
this suggest the presence of a pseudospin quantum index which is very similar to
the electron spins. All the electrons which originate from the same sublattice (A
or B in Figure 1.5) possess the same pseudospin (lets say up spin) which is differ-
ent from the others coming from the other sublattice (down spin); however since
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both the sublattices have the same contribution on the density, the pseudospin
is a linear combination of the up and down pseudospins.

The existence of two Dirac points at K and K’ provides the energies of the
quasiparticles in graphene an extra degree of degeneracy called valley degener-
acy. So considering two times degeneracy for the real and two times for the
pseudospins, the energy in monolayer graphene is 4 times degenerate. Valley
degeneracy can be lifted in the presence of intervalley scattering mechanisms be-
tween K and K’ points; however only strong lattice-scale scattering can account
for that.

Figure 1.8 describes the concept of chirality in graphene. The energy spectrum
of graphene is the result of superposition of the energy bands originating from
the K and K’ points (corresponding to the A and B sublattices in Figure 1.5). An
electron with energy E which has momentum +k (propagating in the positive
direction in the k space) belongs to the same branch of the spectrum (shown in
red in this figure) of another electron with the same energy in the other valley
traveling in the opposite direction (with momentum -k), i.e. they have the same
pseudospin pointing in the same direction. The projection of the pseudospin in
the direction of the motion is additional built-in symmetry between electron and
hole parts.

It is shown that the state Wk (equation 12) acquires an extra phase of 7w on a
closed trajectory [12]. Referred to as Berry phase, this m-shift is very important to
understand the weak localization in graphene.

» &0 pseudospin =»

momentum 9

electron @

hole O

Figure 1.8: Schematic representation of the pseudospin and chirality in graphene

Two dimensional diagram of the energy spectrum of graphene corresponding to the K
and K’ points in a unit cell: the origin of the spectrum is highlighted by the red and
green lines. The pseudospin is parallel to the momentum in one valley and antiparallel
to the momentum in the other; thus, the two valleys host quasiparticles with opposite
chiralities.

1.4.2 Weak Localization and Antilocalization in Graphene

At low temperature, the particle-wave duality of charge carriers becomes de-
tectable through quantum interference effects. A major interference phenomenon
taking place in mesoscopic systems is the so-called weak localization which is first
addressed theoretically by Altshuler [46]. The presence of interference between
coherent electrons manifests itself in a disordered conductor as an increase of
the overall resistivity. By applying a magnetic field, quantum interferences are
reduced which leads to an increase in the conductivity of the device. Such posi-
tive corrections in the conductivity in a magnetic field are the signature of weak
localization.
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This interference effect relies on diffusion by defects and thus the experimental
realization of the weak localization can be used to probe the nature of the defects
as well as the carriers in the system [47]. Later in 2002 Suzuura et al [48] reported
their calculations about weak localization in a disordered two-dimensional hon-
eycomb lattice. They showed that for a certain regime of the interaction with the
impurity potentials, such corrections can have a negative sign; which is refereed
to as weak antilocalization. Even though Suzuura’s calculations were done before
the realization of monolayer graphene, for years after, experimentalists failed to
measure this effect clearly; there were rather some reports about either suppres-
sion or presence of the weak localization in graphene [49][50] or even transition
from weak localization to antilocalization [51] in graphene. The first indisputable
report was done by Tikhonenko [52] who demonstrated how to switch from weak
localization to weak antilocalization in a graphene device by tuning the temper-
ature and the carrier density.

A simplified explanation of the weak (anti)localization can be done consider-
ing classical paths (with associated amplitude and phase) connecting two points
A and B in a two-dimensional disordered conductor (Figure 1.9-a). An electron
paving each path experiences a number of scattering events which are depicted
as segments on this figure. The scattering is assumed to be elastic, so ending to
a well defined phase acquired along each path. Since there are infinite number
of paths between these two points, with different lengths and acquired phases,
the interference over them averages to zero and consequently, no conductivity
divergence from classical Drude model is expected. However, the interferences
associated to the closed paths as in Figure 1.9-b play a major role. One may find
two electrons starting from a given point C and diffusing along the same closed
path in opposite clockwise and counterclockwise directions. The phases acquired
by these electrons, @ and ¢, are exactly the same. Consequently, when the
electrons return back to the starting point, they make constructive interferences,
increasing the probability for backscattering which accounts for a decrease in
conductivity [46]. This process of circulating in opposite directions can be also
viewed as the motion of a particle and its corresponding time-reversed counter-
part in opposite directions; this signifies that such interference is based on the
time reversal symmetry. By applying a weak magnetic field perpendicular to the
plane of motion, the time-reversal symmetry is violated (because ¢ and ¢¢
are no longer the same), restoring the conductivity and giving rise to a negative
magnetoresistance.

Being based on the phase coherence of electrons, any inelastic scattering which
destroys the phase information spoils weak localization. Collisions with phonons
or other electrons is an example of such inelastic scattering which sets the phase
coherence length for suppression of the interference effect. Typically shown by Ly,
dephasing length is another name for this length scale. In the presence of such
scattering mechanisms, only the closed paths that are short enough compared to
the dephasing length contribute in the constructive interference. Increasing the
temperature normally reduces the Ly and thus in order to see such effects, one
needs to cool the sample down to very low temperatures.

The fact that electrons in graphene own an additional quantum number of
pseudospin (described in Section 1.4.1) modifies the picture for weak localization
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in graphene to a large extent. Here the long-range scattering charged impurities
in the substrate are not able to back-scatter the chiral quasiparticles (Figure 1.9-
c) for the conservation of the pseudospin. At low magnetic field, their effect is
then suppressed, as manifested by an enhancement of the conductivity which is
referred to as weak antilocalization. Through closed trajectory loops, the pseu-
dospin stays parallel to the momentum; here for the clockwise and anticlockwise
paths, the pseudospins rotate by +m and —m and thus the difference between the
rotation angle of pseudospins of electrons at the end is 2t. However we have
to keep in mind that the rotation of the 27t of the pseudospins of the electrons
is accompanied by a Berry phase shift of m which destroys the constructive inter-
ference by putting the electrons out of phase. This is another similarity between
actual spin and pseudospin of the electrons: a 27t rotation, does not return the
wave function back to its initial state.

(a)

A

Figure 1.9: Basics of weak localization in graphene

a) Two arbitrary classical paths in a disordered two-dimensional conducting system
which link points A and B

b) Such paths, when make closed loops, can contribute in the weak localization correc-
tion.

c) Because of the conservation of pseudospin in graphene, backwards scattering is not
possible by long-range scatterers, while side and forward directions are allowed.
figure is reprinted from[53].

1.4.3 Landau Levels and Quantum Hall Effects

In the presence of a magnetic field B, the continuous energy spectrum of graphene
for the electron and hole branches splits into quantized levels, referred to as Lan-
dau levels LL of specific energies defined as:

E, = sgn(n)y/2ehvin/B. (13)
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Here n = 0,%1,42,43... is the Landau level index(Figure 1.10). The energy E
is measured with respect to the Dirac point. Each level is four-fold degener-
ate due to the pseudospin and real spin degeneracies. If the Fermi level of
graphene is tuned by applying a gate voltage so as to fall in between the Lan-
dau levels (the so-called integer quantum Hall regime) the longitudinal current
is carried by the edge states with no resistance (Figure 1.10-b, red curve). At
the same time, the transverse resistance (Hall resistance) saturates at the values
of R = h/e?v (Figure 1.10-b, black curve). The allowed values of v which is
normally called filling factor is one of the important characteristics of graphene.
The early measurements show that v can only take the following integer values:
+2,46,410,... £ 4(n + 1/2) [54] which differs very much from the other two-
dimensional systems and even from bi- and fewlayer graphene samples. So the
observation of the plateaus corresponding to these filling factors in magnetore-
sistance measurements is a fingerprint of monolayer graphene.

(b)
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Figure 1.10: Quantum Hall effect in graphene under high magnetic field

a) Under magnetic field, the density of states of graphene splits into the Landau levels
with index n. The levels are not equally spaced but the zero level is always pinned to
the E=o. Image is adapted from [55].

b) Hall resistance (black) and magnetoresistance (red) curves measured from a mono-
layer graphene sample at low temperature and under the fixed magnetic field of 9 T. The
filling factors are indicated by vertical arrows and numbers. The values of the quantized
resistance of h/e?v are shown by horizontal lines. The inset is an optical micrograph of
the measured sample. Figure is adapted from [12].

1.5 Mechanical and Thermal Properties

Carbon atoms in a perfect graphene crystal are covalently bonded to each other
and form a hexagonal crystalline lattice. Monolayer graphene pieces are typically
realized lying on a substrate or as clamped and suspended sheets. In the latter
case, graphene is sufficiently isolated from the surroundings to exhibit intrin-
sic properties. Generally, mechanical properties of solids depend on the quality
of the crystal: presence of structural defects like dislocations and grain bound-
aries. A clear example is that elastic properties like stiffness and Young’s modulus
of a crystalline material depend a lot on the strength of the atom-atom inter-
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Young’s modulus of
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which is half the value
reported in Lee’s work.
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actions whereas its yield stress depends on the concentration of the crystalline
defects [56]. The fact that graphene can be fabricated in a pristine and defect
free state is a promising property indicating that we can expect high mechanical
performance [14].

The most important experimental analysis of the mechanical and elastic prop-
erties of monolayer graphene was done in 2008 in Columbia university by Lee
et al[15]. They used the tip of an atomic force microscope (AFM) to press on
monolayer graphene sheets which are suspended over circular wells.

@ (e )
.2 000

o Experiment
—— Theory

0 20 40 60 80 100 120
indentation depth (nm)

Figure 1.11: Images of the sample and process of experiments done by Lee and cowork-
ers[15]

a) SEM image of a large flake of monolayer graphene spans on an array of circular holes
b) AFM image of the sample on one of the holes with a height profile along the dashed
line with a step height of about 2.5 nm

c) Schematic representation of their experiment technique

d) AFM image of one of the samples after breakage

E) Loading/unloading curve and fitting with the theory: The inset figure shows that the
curve approaches cubic behavior at high loads.

The measurement technique and some of their results are summarized in Fig-
ure 1.11. They have found that graphene shows both nonlinear elastic behavior
and brittle fracture i.e. breaks suddenly without showing a plastic deformation.
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They show that graphene has a tremendous Young’s modulus of 1.0 TPa which
is 5 times the typical values of stainless steels. Based on their findings, the frac-
ture of graphene happens while the stress exceeds 130 GPa, this is the highest
ever measured for materials.

Very high Young’s modulus in graphene comes together with ultra low mass,
thanks to its 2D structure. The combination of these two properties in this ma-
terial, makes graphene an appealing material for nano-elecro-mechanical systems
(NEMS) i.e. the suspended graphene membranes are expected to show very high
resonance frequencies. In Chapter 4 we will discuss about such applications in
more details.

Thermal properties of graphene also have been under the focus of much
research. The first experimental investigation of the thermal conductivity of
graphene has been done by Balandin et al [9]. In this work, they employed a con-
focal micro-Raman spectrometer to probe the dependence of the Raman G peak
position on the excitation laser source. Variation of the laser excitation power
focused on a graphene layer changes the local temperature of graphene which
is monitored, thanks to the G peak’s temperature sensitivity. The local temper-
ature rise as a function of the laser power gives information about the value of
the thermal conductivity. Figure 1.12 describes the technique and a sample used
in this measurement. By doing such measurements, they obtained an extremely
high value of the thermal conductivity up to 5300 W/mK at room temperature,
showing that graphene can outperform carbon nanotubes in heat conduction
and thermal managements.

In addition to its conductivity, the coefficient of the thermal expansion (CTE)
of graphene is very interesting. The early theory works have predicted a nega-
tive CTE for graphene in large range of the temperature [57] meaning that it is
expected to expand while cooling. This prediction which is due to the out of
plane vibrations of the lattice, was later confirmed experimentally [58]. We will
discuss more about this in Section 4.8.4.

1.6 Conclusion

Graphene is a material with superior and sometimes unique electrical, mechan-
ical, thermal and chemical properties; however the combination of all of these
appealing characteristics in a single object is also unique, making it one of the
most interesting materials have ever found. It has been the topic of thousands of
investigations in the past decade and thus, the number of the reports published
about, can be considered as another unique feature.

Being formed of a monolayer of atoms and its huge surface to bulk ratio makes
graphene very sensitive to the environmental properties; this highlights the im-
portance of controlling and engineering the surrounding of graphene to catch
its superior properties. This thesis work has been started to probe graphene in
optimized environments. The technique and devices we have employed and the
results will be covered throughout the rest of this manuscript.

In this chapter, the history of graphene, from the early observation of the mul-
tilayer and rather thick graphite to the isolated monolayer graphene, is presented.
Most of the appealing electrical properties of graphene originate from its band
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Figure 1.12: First measurement of the thermal conductivity of graphene[9]

a) Schematic representation of the measurement technique: Variation in the laser ex-
citation power leads to the modulation of the temperature of the graphene which is
monitored by the position of the G peak. In a precisely controlled position and the en-
ergy of the beam as well as the geometry of the sample, one can calculate the thermal
conductivity of graphene based on the measured temperature.

b) SEM image of one of the samples used in this experiment: the scale of the sample is
not mentioned in the original paper.

Figures are reprinted with adoptions.

structure which depends on the crystalline structure of graphene. Here the ba-
sic equations governing the energy and motion of the quasiparticles have been
presented. To complete the picture of the transport of the charge carriers in the
absence of the external magnetic field, different scattering mechanisms in the
diffusive limit as well as the models developed for describing the motion of the
carriers have been discussed. Magnetic field is an important parameter which
affects the electrical performance of graphene like most other materials. In a sep-
arate section of this chapter, we analyzed the behavior of the quasiparticles at
both high and low magnetic field regimes. Low-field characteristics of graphene
is rather different from most other conducting materials in the sense that the
chirality of the quasiparticles accounts for the suppression of the backscatter-
ing leading to the weak antilocalization; this concept has been also introduced
in this section which gives an insight into our later analyses. At the end of this
introductory chapter, we have reviewed the most important mechanical and ther-
mal properties of graphene; some of which will be used in our analyses of the
graphene based nano-electro-mechanical systems in chapter 4 of this manuscript.



Phase-Coherent Weak Localization in
Graphene on h-BN Buffer Layer

Considering the monoatomic nature of graphene, the substrate used for support-
ing it plays a major role and may dramatically modify its properties. Moreover
even more complex heterostructures can be made using different buffer layers
in precisely chosen sequences to promote specific properties. In this way, hexag-
onal boron nitride (h-BN) is an outstanding material and can be considered as a
complementor of graphene. This is mainly because of its neutral and flat surface
as well as crystalline structure which matches well with graphene.

Heterostructures made from graphene on h-BN have been under the focus
during the recent years, especially zero-field transport of such systems has been
studied extensively. However the behavior of these heterostructures in the pres-
ence of the magnetic field is not fully understood yet. Weak localization is an
important quantum interference effect which can be explored at vanishing per-
pendicular magnetic field. Being relied on the phase coherent transport of charge
carriers, such measurements can reveal information about the nature of inelas-
tic scattering mechanisms which can limit the phase coherence of the carriers.
There are some well-known scattering mechanisms which are proven to break
the phase coherence in conductors including graphene, however the effect of the
h-BN bulffer layer on such mechanisms has not been studied. The most important
question in this field is: Can using h-BN buffer layers lead to any improvement
in the coherence length -as it does for the mean free path of the carriers- or not?
There is no straightforward answer for this question because what we gain by
having a h-BN buffer layer (reduced Coulomb perturbations from the substrate
and improved flatness) do not have any proven influence on the inelastic scatter-
ing events. In this chapter we will discuss such issues.

This chapter starts by reviewing all the substrate induced effects that can affect
the charge transport in graphene. We will review and compare properties of the
most popular materials used for supporting graphene in the following section.
Hexagonal boron nitride will be extensively studied there and its advantages
for supporting graphene will be addressed. Later, the fabrication process of our
samples will be described. Atomic force microscopy is employed to qualify the
surface of the h-BN flakes; the results of which will come next in this section.
Transport measurements both at zero and low magnetic fields are extensively
addressed in the following section. There, we will see that using h-BN layers
can indeed help to regain partially the properties of the pristine graphene. Also
weak localization interference in graphene on h-BN and on silicon wafers will be
minutely investigated. This chapter ends by summarizing all the achievements
in the results and discussion section.
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2.2 Introduction

Besides progress in the field of graphene, other similar two dimensional mate-
rials like isolated few layer hexagonal boron nitride (h-BN) and molybdenum
disulphide (MoS;) have become attractive; not only because of their intrinsic
properties [59][60] but also because they can be used together with graphene in
making heterostructures exhibiting new features [1][61]. In this approach, the ba-
sic idea is very simple (though experimentally challenging): to superimpose an
isolated monolayer or few layer graphene crystal over another two-dimensional
mono- or few layer crystal. This system itself makes a new hybrid device to
probe the properties of graphene or, by repeating the process over and over, one
can make more complex bottom up heterostructures. We can think about mak-
ing such artificial materials in terms of playing with lego blocks [62]. Weak van
der Waals’ force keep the whole structure together and in-plane strong covalent
bonds tie the atoms in each plane.

Graphene - fﬂ
hBN ‘
MoS, ‘
WSe, O

Fluorographene ‘

Figure 2.1: Building complex heterostructures based on mono- and few layer 2D mate-
rials (reprinted from [62]) Planner isolated thin crystals can be viewed as Lego blocks
(right panel) which make the construction of layered structures out of mixed materials
possible.

Improving or modifying the intrinsic properties of graphene is an important
goal followed in such approaches [1][33][63][3]. Carriers in graphene are acces-
sible without any protection and this makes its properties very sensitive to the
environment. This opens up the opportunity of engineering its properties by
carefully building up the surrounding.

2.2.1 Influences of Substrate on the Transport in Graphene

In the previous chapter, we reviewed different scattering mechanisms that quasi-
particles in graphene may experience traveling from one electrode to another.
For a high quality graphene obtained by exfoliation of graphite, the contribution
of crystalline defects in the total resistivity can be negligible; then scattering by
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charged impurities in the vicinity of graphene as well as by the crystalline vibra-
tions are the most important scattering mechanisms. We also have to consider
the effect of corrugations in the graphene sheet which can limit the carrier mo-
bility. Considering the origin of these mechanisms, we realize that scattering by
phonons is an intrinsic mechanism which sets a fundamental upper limit for the
conductivity; however the other two effects are mainly sample dependent and by
optimizing the device fabrication technique and environment we can minimize
their contribution in the total conductance of the devices.

2.2.1.1 Charged Impurities on the Substrate

Charged impurity is the term normally referred to localized charged particles
which happen to sit on the graphene sheet during the fabrication process or ini-
tially present on the substrate before transferring graphene on it. For the latter
case, dangling chemical bonds on the substrate or ions trapped in the process of
oxidizing the silicon substrate can be considered as such impurities. The water
molecules trapped in between the graphene and substrate in the wet transfer-
ring process of CVD graphene is another source of such impurities. Hwang [32]
first pointed out their effects in his theoretical article (Figure 2.2). In his model,
long-range impurities with a density of n; are located in a plane parallel to the
graphene sheet with a relative distance of (d) in between. He shows that by in-
creasing the density of these impurities or when they become closer to graphene,
the conductivity and thus the mobility of the sample are reduced.

(o)~
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Figure 2.2: Effect of the charged impurities on the conductivity of graphene devices

a) Sublinear conductivity at high density which is a signature of high quality graphene
devices is more likely to happen in the samples with a low population of Coulomb impu-
rities (ny) compared to the density of short-range point defects (np).

b) For a constant density of charged impurities, reducing the distance between the im-
purity plane and graphene (d) strengthens the effect of this scattering which shows up
by reduction in the conductivity. Figure is reprinted from[32].

Sublinear conductance which is normally seen in high quality samples with
low concentration of charged impurities (ni)[44][1][34], is well described by
Hwang’s model. Figure 2.2-a compares the results for different values of n;.
Here we see that at low carrier density (1) (or at low n/n; ratio as plotted there)
the conductivity (o) shows a linear dependency on the density. In this regime,
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the short-range point defects (with the density n,) do not have any influence
on the carriers and long-range scatterers are dominant. In the other regime and
by increasing the carrier density, the difference between the curves becomes ev-
ident: while the conductivity of the curves with higher n; (lower n,/n; ratio)
keeps increasing in a constant rate, o has a weaker dependency to n and tends
to approach a constant value for low impurity densities. Linear and weak depen-
dencies of o to n are the signatures of the long- and short-range scattering mech-
anisms respectively, which arise from the corresponding relaxation times[30].
While the relaxation time between two subsequent long-range scattering events
depends to the square root of n (T1, x /n), it is different for the short-range
ones: Tsr  1/4/N. Thus the conductivity o o y/nt(n) will have a linear depen-
dency to n when charged impurities are dominant and tends to saturate when
the short-range point defects are dominant.

2.2.1.2 Dielectric Properties of the Substrate

Typical substrates used for graphene devices e.g. silicon wafers, usually suffer
from a high population of charged impurities. However the dielectric environ-
ment of the substrate has an important role in the reduction of the Coulomb
potential associated with such impurities. This was addressed first in a theoreti-
cal work by Jena et al in 2007 [64]. Figure 2.3-a shows a result of their modeling.
They found that in a semiconductor surrounded by dielectric environment, the
electric potential (depicted by associated field lines here) corresponding to a lo-
calized charged ion (impurity) felt by a traveling carrier depends on the relative
dielectric constants of the semiconductor (e5) and of the environment (e,). For
the case when (€. < €5) the field lines bunch closer inside the semiconducting
material, leading to the enhancement of the Coulomb interaction. One year after
and based on this finding, Jan and his coworkers [65] successfully managed to
reduced the influence of charged impurities by engineering the surrounding di-
electric environment; they did it by depositing layers of ice on graphene while
being measured (Figure 2.3-b). These two works highlight the importance of di-
electric engineering on the transport properties of graphene. The newly achieved
ballistic transport in graphene encapsulated in between hexagonal boron nitride
flakes [33][35] can be interpreted in terms of these findings.
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Figure 2.3: Effect of the dielectric environment on the Coulomb interaction between the
carrier and charged impurities

a) Jena et al showed that by sandwiching a semiconducting layer (graphene for exam-
ple) in between two dielectric material with high dielectric constants, the interaction
of the electrons and impurities reduces [64]. In this figure which is adopted from the
original report, e and e. refer to the dielectric constant of the semiconductor and
environment respectively. [65].

b) Results of the experiments done by Jang et al [65]: They show that improving the
dielectric environment enclosing the graphene (by adding the layers of ice on the device)
leads to enhancement of the mobility of the sample. The initial mobility for the sam-
ple and theoretical expectation after covering the device with ice layers are shown by
dashed lines there. Image is adapted from the original report.

2.2.1.3 Surface Roughness of the Substrate

Graphene placed on a substrate follows its corrugation which induces remark-
ably high stress in a graphene lattice [67]. The p, orbitals of the carbon atoms
which are responsible for the charge transport are unprotected and thus the rip-
ples and corrugations which are extrinsically inherited from the substrate can
limit the mobility of the quasiparticles[67]. This was the topic of some theo-
retical and experimental research [68][69][70][71]. Regardless of their effect in
reducing the mobility of the quasiparticles, some theories consider such corruga-
tions as the origin of the formation of the electron-hole puddles near the Dirac
point [42][72] as well as the strong suppression of weak localization at low mag-
netic field [49]. Some reports also mention the effect of the substrate induced
ripples in increasing the chemical reactivity of graphene [73].
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Some studies report
the presence of corru-
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graphene is truly a 2D
structure or not.
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2.3 Graphene on Hexagonal Boron Nitride

Finding a more suitable substrate for supporting graphene is the next goal pur-
sued by many research groups once monolayer graphene was isolated. In this
section, we will shortly review the most important materials used for this pur-
pose so far; then we will focus on h-BN and try to discuss about its advan-
tages compared to the other substrates. Remarkable transport achievements on
graphene/h-BN samples also will be discussed in this section.

2.3.0.4 Important Materials for Supporting Graphene

Silicon wafers are the most common substrate for making graphene devices. This
is not only because it is very cheap and easily accessible but also since its pro-
cessing is well documented; furthermore with simple oxidization techniques,
one can turn a thin layer on its surface to a high quality insulator, this is an
important property which makes gating of graphene easily possible. However
there is a high population of charged impurities on the surface of typically used
silicon wafers which happens during the oxidation process or because of the
dangling bonds of the SiO, phase. The other important disadvantage of such
wafers to make graphene devices is its roughness: silicon dioxide formed in this
manner has an amorphous structure and thus its surface is very rough compared
to crystalline dielectric materials. Consequently silicon wafers are not the ideal
substrate to support graphene.

Mica is one of the first materials tested for substitution of silicon wafers [70]:
it has a very flat and crystalline structure, thus graphene on mica approaches
atomic flatness. Figure 2.4-a to c shows the comparative surface characterization
of graphene on mica and on Si0; using non-contact atomic force microscopy
(AFM). The roughness of the graphene on silicon measured there is on the order
of 168 pm (half width at half maximum of the corresponding histogram in part
c) which is very similar to the bare SiO,. This is seven times higher than the
obtained value on mica (24 pm). Ultra flatness of the graphene deposited on
mica is very important but mica’s insulating nature prevents backgating which
discards its use.

Giovannetti's predic- Hexagonal boron nitride (h-BN) is another candidate for supporting graphene.
tion has been never Giovannetti et al [74] are the first who theoretically investigated electronic struc-
realized yetand is— 4 e of graphene/h-BN systems using ab initio density functional calculations
under strong doubt.
functional calculations. This work published in 2007, shows that placing graphene
on hexagonal boron nitride can open up a bandgap at the Dirac point of graphene.
Three years after, the first and most important experimental study of such sys-
tems has been published by C. Dean and his coworkers[1]. In this work, they
report the fabrication and characterization of graphene/h-BN systems with exfo-
liated mono- and bilayer graphene. Such devices possess high carrier mobilities
as well as carrier homogeneities that are almost an order of magnitude better
than similar devices on silicon wafers. Figure 2.4-d compares the surface rough-
ness of h-BN with silicon as is measured and reported in this paper. This worked
has been followed by another paper from the same group [2] confirming the ad-
vantages of h-BN for supporting CVD graphene.
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In the following sections we will review the important properties of h-BN to
be used as a substrate for graphene.
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Figure 2.4: Roughness analysis of graphene on different substrates

(a-c) Results of the experiments done by Lui et al [70]: Non contact atomic force mi-
croscopy analysis show that -due to the crystalline structure of mica- the surface rough-
ness of graphene/mica is much improved in comparison to the typical graphene/SiO;
devices. Interestingly and by comparing the roughness of graphene/mica with bare mica
as well as graphene/Si0, with bare S10;, we see that graphene itself can enhance the
corrugation of the underlaying substrate. Blue and red squares in figure (a) and (b)
mark the area used for calculating the corresponding histograms in (c). These figures
are reprinted with adaptation from[70].

(d) Roughness analysis of graphene on h-BN flakes: the roughness of the graphene on
h-BN sample is remarkably lower than graphene on S0, and very similar to the bare
h-BN. Inset figure here shows the area in which this analysis is performed. Comparing
the histograms in (c) and (d), we see that the flatness of mica is remarkably better than
the reported h-BN. This figure is adapted from [1].

2.3.0.5 Hexagonal Boron Nitride

h-BN is a dielectric isomorph of graphite in which boron and nitrogen atoms are
placed at inequivalent A and B sublattices in a Bernal stacking order. Figure 2.5-a
illustrates the crystalline structure of h-BN. Based on its source and application,
h-BN comes in the form of crystals of different sizes, before exfoliation. In this
work, we have used industrial h-BN powders (Figure 2.5-b and c) produced by
MOMENTIVE performance materials with >90% purity.

Similar to graphite, bulk h-BN is composed of two-dimensional layers in which
strong ionic bonds link the boron and nitrogen atoms in each sheet. Van der
Waals’ attraction exist between the layers in the bulk material. Thin h-BN flakes
can be deposited using the scotch-tape technique, similar to graphene[75]. The
obtained flakes are inert and supposedly without dangling bonds.

We have reviewed the roughness analysis of h-BN in Figure 2.4-d. The mea-
sured roughness of graphene on h-BN devices are remarkably higher than for
graphene deposited on mica; still it remains much lower than the samples fab-
ricated on Si0O; substrates. However the greatest advantage of h-BN over mica
or similar crystalline substrates (like sapphire), comes from its layered structure.
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Figure 2.5: Hexagonal boron nitride crystals

a) Crystalline structure of hexagonal boron nitride: Boron and nitrogen atoms are
bounded in Bernal stacked 2-dimensional sheets of hexagonal lattices. Figure is adapted
from[76].

b) Hexagonal boron nitride before exfoliation in the powder form

c) SEM image of the h-BN powder: the typical size of each flake is of the order of
500pm. Image is reprinted from.

d) Schematic representation showing the advantages of the h-BN as a support for
graphene: surface roughness of hexagonal boron nitride is much reduced compared
to S10,. Also the random Coulomb potential due to the dangling bonds or trapped
charged impurities is negligible on h-BN. Figure is adapted from [78].

Indeed, mechanical exfoliation makes it possible to make a relatively thin (1onm
to 100nm) h-BN buffer layers on SiO, before graphene transfer. Such exfoliated
flake thickness is enough to smoothen the SO, roughness and to suppress the
random potentials associated with charged impurities, while being thin enough
for electrostatic gating. Moreover, the lattice symmetry and size of h-BN are very
close to graphene.

To summarize, the most important characteristics of h-BN as a supporting
material for graphene in transport applications are:

¢ atomically flat surface, due to the crystalline structure
* neutrality because of the absence of dangling bonds

¢ insulator with a large band gap, which makes it useful for gating
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¢ compatible with the exfoliation technique and thus easy to fabricate
* hexagonal lattice parameter very close to that of graphene

Figure 2.5-d schematically illustrates the advantages of using h-BN buffer layer
in between graphene and silicon wafer. Some of the important characteristics of
bulk h-BN are collected and compared with graphite in Table 1.

Table 1: comparision of the important properties of bulk hexagonal boron nitride and
graphite

bulk h-BN graphite
Bond Length 1.446 [79] 1.42
Interlayer Distance 3.333 [79] 3.42

Density* =~ 2.1gr/cm3[80] 2.26gr/cm?>[81]
Bandgap 5.97eV [82] -
Dielectric Constant 3-4[1] -
Breakdown Voltage 0.7V/nm[1] -
Refractive Index 1.8[83] ~ 2.6[84]
Bulk Modulus 36.5 GPa [83] 34 GPa* [85]
Thermal Conductivity*  4W/cmK[79] 2.5 W/cm.K'[86]

Melting Point 1650°C [80] 3500°C [81]

* measured closed to the room temperature
* for single crystal 2H graphite
T measured perpendicular to the c-axis

2.3.0.6 Transport Properties of Graphene on h-BN

In the past section, we studied the superior properties of h-BN which help to
boost the electrical performance of graphene in applications. Figure 2.6-a shows
the resistance of a graphene on h-BN device as function of gate voltage. This
device is made using CVD graphene grown in our lab and subsequently trans-
ferred onto the h-BN flake. In a very short range of the gate voltage, the device
switches between very high and base resistance which is a signature of the high
mobility of the carriers. Such a high mobility (140,000 cm?/V.s) has never been
reported for supported graphene on any other substrate other than h-BN.

Part b of this figure shows measurements on a graphene on h-BN sample
near the neutrality point[87]. Such measurements demonstrate that atomically
flat h-BN surface results in the very flat graphene layers; we also can clearly see

47



48 CHAPTER 2. PHASE-COHERENT WEAK LOCALIZATION IN GRAPHENE/H-BN

a moiré pattern due to the coupling of the lattices of the graphene and h-BN
(top left figure). Based on such measurements, they have mapped the charge
inhomogeneity at the neutrality point (bottom figures). Unlike for graphene on
silicon sample, electron-hole puddles are nearly absent on h-BN because of the
reduced density of charged impurities.

In section 2.2.1.2, we reviewed the importance of an improved dielectric en-
vironment in reducing long-range scattering events. The dielectric constant of
h-BN (e, ~ 3 —4) is not very much different from SiO; (e, = 3.9). However by
putting another layer of h-BN on top of graphene (replacing vacuum of €, =1
with h-BN) to make graphene sandwiched in between two h-BN dielectric planes
improves the mobility. Indeed Mayorov et al[33] have used such geometry and
reached ballistic transport with micrometer scale mean free path for the first time
in a supported graphene. Similar encapsulated device was reported recently by
Wang et al [35]: they manage a 1D contact between the metal electrodes and the
side of graphene in between the two h-BN layers.
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Figure 2.6: Graphene on hexagonal boron nitride

a) Example of a graphene/h-BN field effect results obtained on home made CVD
graphene on h-BN device (Main panel): very sharp peak at the neutrality point is

the signature of high mobility. The continuous line is the fit with the diffusive transport
model (Equation 6) from which a mobility of 140,000 cm?/V.s is extracted. Inset is the
optical image of the corresponding device. This sample is fabricated by Z. Han (Institut
Néel) who transferred graphene on h-BN flake at Columbia University (Dean group,
New York). Measurements were performed by B. Piot (LNCMI).

b) Scanning tunneling microscopy (STM) measurement of graphene on hexagonal
boron nitride (left) and silicon (right) substrates. For both samples, topography and

local charge density maps are positioned at the back and front respectively. Figure is
adapted from [87].

2.4 Fabrication and Characterization

After reviewing all the advantages of h-BN for making graphene devices in the
previous parts, this section will describe the fabrication process of our samples.
We have used AFM technique to analyze the roughness of the h-BN flakes right
after exfoliation which will also be discussed in this section.
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persulfate for etching
copper is firstly re-
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dry transferring
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wet technique was
employed for fabrica-
tion of our devices.

CHAPTER 2. PHASE-COHERENT WEAK LOCALIZATION IN GRAPHENE/H-BN

2.4.1 Fabrication Process

Fabrication process of our devices is illustrated in Figure 2.7. We start by me-
chanically exfoliating h-BN flakes on silicon wafers using scotch tape technique,
in the same manner as graphene exfoliation [28] (Figure 2.7-a). The thickness of
the oxide layer of the wafer is ~ 285 nm; the hexagonal boron nitride we use is
initially in the form of powder from a commercial source (MOMENTIVE Perfor-
mance Materials).

The exfoliation process should be done very carefully to prevent any deposi-
tion of glue from the tape on the flakes. At this point, an AFM characterization
of the h-BN surfaces is mandatory to select the most appropriated flakes for sub-
sequent graphene transfer in terms of roughness. At the next step, we need to
transfer graphene on them (Figure 2.7-b). In this work we use graphene grown
on copper in our CVD system. There are two main reasons for this choice: First,
our team has developed a transfer process [88] that allows controlling the defect
formation in graphene during copper etching which is an issue for the obser-
vation of low-temperature quantum interference effects associated by structural
defects. Second, fabrication of such devices in which graphene should be aligned
precisely on top of the h-BN flakes is much easier with millimeter size CVD
graphene compared to the micrometer scale and randomly distributed exfoli-
ated graphene.

CVD graphene grown on copper foil is most often transferred onto wafers us-
ing a wet technique, described as follows [88]. The process starts by spin coating
the surface of graphene -which is not in contact with copper- with PMMA as a
support and protection. The catalytic copper layer is etched away by exposing it
to the suitable etchant. Indeed, we first used sodium persulfate Na,S,0g diluted
solution to remove Cu which appears to damage graphene whereas the use of
ammonium persulfate (NH4)25,03 induced no defects on graphene. One can
refer to [88] for detailed analysis of the effect of the etchant on the properties of
graphene.

Graphene which is supported by a PMMA layer is now washed in DI wa-
ter to get rid of all the chemicals and ions that may create defects or doping.
Then it is fished and transferred from water onto the final substrate. Polar water
molecules which normally happen to be trapped in between graphene and the
substrate may wash out the advantage of having h-BN flakes as the reduction of
the charged impurities. So dry transferring techniques have been developed [2].

At the next step, we pattern graphene. This process is done using a deep UV
lithography technique with a tailor-made mask for the geometry design of the
graphene ribbon. The pattern is aligned on top of the graphene/h-BN of inter-
est. By exposing and removing the redundant area of the graphene with oxygen
plasma, we end up with a long graphene ribbon with 1 —2 um width. It is par-
tially lying on the h-BN flake wile the major part of it is on the S10, wafer.

Now e-beam lithography is utilized and followed by metallization to deposit elec-
trode material. It should be thick enough to provide a good contact crossing the
edge of the flake.

The final device is illustrated in (Figure 2.7-c). The most important points one
has to keep in mind in fabricating such devices are as follows:
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* Many of the chemicals used to strip and develop resists in nanofabrication
processes damage graphene and should be avoided. This includes NMP,
MF26, microdeveloper etc. We have found that acetone and IPA are safe
and we can expose graphene to them for long times to remove PMMA
residuals. Also MIBK used for development after e-beam lithography step
is quite harmless for a short duration.

The thickness of the h-BN flake is a very important parameter: roughness
and charged impurities from the underlying Si02 are still sensible through
a thin (less that =~ 5nm) h-BN flake [90]. Also a thick flake needs a thicker
metallic contacts which normally leads to lift-off problems.

PMMA residuals on graphene can lead to reduction of the mobility of
the device and shift the position of the Dirac peak. An annealing process
is normally necessary at the final step of the fabrication to remove such
residuals.

51



52

CHAPTER 2. PHASE-COHERENT WEAK LOCALIZATION IN GRAPHENE/H-BN

Figure 2.7: Schematic and real representations of the fabrication procedure

a) In a typical scotch tape exfoliation technique [28][1], h-BN flakes are deposited on
silicon wafers.

b) Large scale CVD graphene is transferred (wet or dry process) on the sample covering
the flakes.

c) After patterning graphene (O plasma etch) and designing electrodes (e-beam lithog-
raphy), the sample is ready for measurements.

2.4.2 Surface characterization of h-BN Flakes

The cleanliness and flatness of the surface of h-BN flakes are important issues in
order to manage high quality samples. They can be quantitatively characterized
by atomic force microscopy (AFM). Figure 2.8-a and b shows two examples of
flakes characterized by AFM right after exfoliation. Both flakes are from the same
source but have different thicknesses as commonly observed from the mechani-
cal exfoliation technique: while the flake in part a is rather thin (just tonm) the
thickness of the other one is 140 nm as measured from vertical cuts on the AFM
images. Moreover, they both exhibit typical features induced by the exfoliation
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process which will be discussed below; however intrinsic crystalline defects like
grain boundaries (partially visible at the left bottom corner of figure b) are not
directly related to the fabrication and will not be addressed here:

* Mechanical exfoliation can create wrinkles in h-BN (marked by A) which
can propagate over long distance (more than 10 um in Figure 2.8-a). Thicker
flakes are less subject to wrinkling due to their higher stiffness.

¢ Thinner flakes can be torn (B)

* Both flakes exhibit folded zones, of the whole flake (thin sample) or of
some upper layers (thick flake) which is denoted by C.

¢ Flakes are impacted by small dots on the wafer which could be contam-
inations or process debris. Tagged by D, small bumps on the flakes with
lateral sizes very similar to the dots on the wafer can be attributed to the
inherited roughness from the substrate. The population of such bumps on
the flake looks to be higher on the thin flake comparing to the thicker one.
This could be partially because the wafer in figure a is more contaminated
compared to the other one; but it also could be that the thicker flake can
smoothen the roughness from the wafer more effectively.

* Some larger bumps on both flakes (tagged by E) do not correspond to any
similar contamination on the wafer. Thus they could originate from other
contamination sources like trapped air molecules below the flake.

¢ Large features with smooth surfaces and no sharp edges (tagged by F) are
glue residuals deposited from the scotch tape. If the process of exfoliation
is not done precisely (i.e. some lateral movements occur during the exfoli-
ation), even the surface of the flakes can be highly contaminated by such
glue residuals that require post treatment to be removed.

To understand the effect of the h-BN flakes on diminishing the roughness of
the substrate, in part c of this figure, we focus on a small area marked by the
red square in a. Here we see some dots on the substrate and some bumps on the
flake which we believe are of the same origin. We have subtracted the thickness
of the flake in this AFM topography image for a better comparison. Part d shows
the height profiles along paths #1 and #2, which go over a contamination on the
substrate and on the flake respectively. We can clearly see that while the height
of the dot through path #1 exceeds 4 nm, the height on path #:2 is less than 1 nm.
Moreover the associated width on path #2 is almost two times that on path #1
which shows that the flake is partially suspended close to the underlying dot.
Such a trend is observed on all the measured similar features and thus it can
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only be attributed to the diminishing of the roughness of the substrate by the
flake.
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Figure 2.8: AFM analysis showing the possible defects at the surface of the h-BN flakes
a) and (b) AFM mapping of the amplitude of the error signal for two h-BN flakes with
different thicknesses: The step height profile of each flakes are attached to the figure
closed to the measured line. Some interesting areas are tagged by letters which include
A: ripples, B: tearing, C: folding, D: external contaminations, E: bumps and F: glue
residuals.This mapping is done right after the exfoliating of the h-BN flakes without
any post treatment. No glue is visible on the BN flakes.

c) Topography mapping of the area marked by the red square in (a): Some dots due to
the contaminations on the surface of the wafer and the related corrugations on the flake
are visible here. The thickness of the flake is subtracted for the sake of clarity.

d) Height profiles along the lines #1 and #2 marked in (c)

Such AFM analysis show that h-BN flakes, when precisely exfoliated and in
the appropriated thickness range, can help to reduce of the roughness associated
to external contaminations on the substrate. Furthermore since h-BN has a 2D
crystalline structure, intrinsically it has much flatter surface compared to the
underlying amorphous silica. We have investigated this aspect in more details,
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which is summarized in Figure 2.9. Part a and b show the topography of the
silicon wafer and h-BN flake respectively (zoomed on Figure 2.8-b regions on
the sample). As a reference and to test the sensitivity of our measurements, we
have probed the surface of a sapphire crystal (part c). Very high roughness of
the silica surface compared to the other materials is clear at first glance. We
plot the height profiles through arbitrary lines inside the windows 4, b and c in
part d. Step edges of the sapphire are clearly visible and correspond to a small
tilt in the cut surface of the crystal comparing to the lattice surface, which is
normally referred to as the miscut angle. Probing such edges is a guarantee of
the high accuracy of our measurements. On the surface of h-BN, we do not see
nor expect to see such features, just because the exfoliation of the h-BN flakes
happens in between the parallel layers. The roughness measured on h-BN flake
is comparable to that on sapphire, and far lower than the very sharp features
measured on the silicon. Histogram of the height distributions plotted in part
e can give a quantitative measure of the roughness. In this figure, we see that
the distribution of the heights are very close for h-BN and sapphire. A kind of a
plateau is visible at the top of the sapphire histogram with a width comparable to
the periodic heights observed in d: this is only an artifact coming from a misfit
of the flattening of the AFM image due to the steps. Interestingly, the height
distribution we measure on h-BN is very similar to what is reported in Dean’s
paper [1] (Figure 2.4); this shows that the industrial h-BN source we are using
passes the same standard in terms of the roughness (though not in terms of flake
size).
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Figure 2.9: Roughness comparison of different substrates

a), (b) and (c): height mapping of the surfaces of the silica, h-BN and sapphire respec-
tively

d) Height profile through arbitrary lines in the corresponding mappings in a, b and c
e) Histogram of the height distribution over the whole windows of a, b and c: his-
togram areas have been normalized.

In this section, the fabrication process of the samples was reviewed. Our AFM
analysis after exfoliating h-BN flakes show that the surface roughness we can
obtain from our h-BN sources is comparable with the best results reported in
literatures. At the next step one can start electrical measurement of the already
fabricated devices.

2.5 Electronic Transport Measurements

One great advantage of using transferred CVD graphene to realize devices is
that it allows us to have continuous macroscopic monolayers (Figure 2.7-b) we
can pattern into any desired geometry. For example, the sample Figure 2.7-c in-
volves a single graphene ribbon connected in a region sitting on silica and in a
next region sitting on h-BN. It realizes a good platform to analyze the effect of
the substrate on the transport properties of graphene. Indeed the graphene made
device on h-BN and SiO; are just few to ten micrometers apart and made out of
the same graphene ribbon. Also they have passed exactly the same fabrication
processes and the devices are of similar square geometries (=~ 1.2 um). Conse-
quently the substrate is the only parameter which is different. First electronic
transport measurements involve resistivity measurements at zero magnetic field.
Following measurements use a perpendicular field to assess the influence of the
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substrate on the magnetoresistance. All measurements reported here are per-
formed on the sample of Figure 2.7-c.

2.5.1 Zero-Field Transport Measurements

The first electrical characterization of a graphene device consists in measuring
the so-called field effect curve (Figure 2.10) providing the resistivity of a device as
a function of the backgate voltage. The measurement technique is rather simple:
a DC voltage is applied to the silicon backgate while the resistivity of the devices
are measured using a lock-in technique in a four-probe configuration. The resistivity
corresponds to the linear response regime of the transistor as no DC voltage is
applied to the source and the lock-in oscillator is set to 50mV only. By gradually
sweeping the gate voltage (typically in the —20 V to 420V range), the Fermi level
and thus the carrier density shifts which allows one to determine the Dirac peak
position.

104@) onhBN [ 104 () onsioy |
— 300K - 14 — 300K 1.4
8 -1 — 4K - 8 7 —_— 4K -
- pa g - — 0.1K o
£€°7 | = 2
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Vg (V) Vg (V)

Figure 2.10: Field effect measurement of the samples at different temperatures

a) gr/h — BN and (b) gr/Si0; samples were cooled down from 300 K to 0.1 K and
measured using a lock-in 4-probe configuration. Note that the 300 K measurements
were performed in a different apparatus than for the lower temperatures, so the shift in
the position of the Dirac peaks can be attributed to the change in the environment.

Analyses begin by probing the effect of the temperature on the devices as sum-
marized in Figure 2.10. One can observe some interesting features by comparing
the curves in this figure:

¢ The maximum resistivity corresponding to the minimum carrier density
(Dirac points) of the devices are located at ~ —3V and ~ +3 V for graphene
on h-BN (gr/h — BN) and graphene on silica (gr/Si0;) respectively at low
temperatures. A Dirac point located close to zero volt, is something ex-
pected for graphene on h-BN devices, due to the low amount of charged
doping. The curves at 300K are measured in a different set-up and we can
see the effect of the environment in shifting the position of the Dirac point
very clearly. This indicates the high sensitivity of the graphene devices to
the surrounding atmosphere.

* Curves corresponding to the gr/h — BN are remarkably narrower than the
gr/Si0; at the same temperatures. In such measurement, the minimum
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width of the curves are inversely dependent to the residual charge density
(Nsat, Equation 9) at the neutrality point[1][2] meaning that the density of
the charged impurities is less for the gr/h — BN sample. By increasing the
temperature the increased scattering by the lattice phonons gives rise to
the broadening of the curves.

¢ For gr/Si0O;,, reducing the temperature between 300K and 4K gives a
sharper curve which is an indication of the increased mobility; however
by further cooling, the curve becomes broader with an increase in the max-
imum resistivity. Such behavior at low temperatures is the signature of the
localization of the carriers which happens due to the increased ratio of the
phase coherence length over the mean free path[91].

¢ The minimum resistivity (pmin) 0f graphene is controlled by the short-
range scattering mechanisms like crystalline defects which depend on the
graphene growth and fabrication process. The fact that we obtained similar
Pmin for both samples is an indication that the graphene pieces on the h-
BN and on silicon are intrinsically very similar; this is crucial for ruling
out the effects associated to the inhomogeneity of the graphene in the later
analysis.

Now we focus more on the 4K data. Figure 2.11-a replots the field effect
curves of both devices together at this temperature. Here one can clearly see
that both maximum resistivities are very close to the predicted universal value
of puni = h/4e?. The measured pn,qx for the gr/h — BN at the other tempera-
tures (Figure 2.10) also are not very far from this universal value, which is not
the case for gr/Si0,. Besides we see a clear discrepancy in the slopes on the
electron and hole sides of Dirac peaks. Such discrepancy can be attributed to the
nature of the dopants close to the graphene which can make either electrons or
holes more favorable than the other to travel through the device. Doping by the
metal of the contacts [92] can also make unbalanced transport for the electrons
and holes.



2.5. ELECTRONIC TRANSPORT MEASUREMENTS

(b) aK
LOT\ . —onhan
—— on SiOy
0.8+
0.6
0.4
0.2
-1.0 0.0 1.0
n (x10* cm?)
16-{(d)
e
................ o,
12+
onh-BN ©
onSi0y  x 9
8_
i T T 4—“I HEAL L L LLL B
0.01 0.1 1 0.1 1 10 100
n (x10*2 cm) T(K)
Figure 2.11: Comparison of the zero-field electronic characteristics of the gr/h. — BN

and gr/Si0; devices

a) Comparison of the gate dependency of the resistivity of the samples (p) at 4 K: Both
devices have a maximum resistivity close to the predicted universal value of graphene

p = h/4e? at the Dirac point. Also the position of the Dirac point is very close to zero
for both of the samples. The hole side of the gr/h — BN (left half) and the electron side
of the gr/Si0, (right half) are steeper than the other halves of the other device which is
an indication of the different doping natures for the devices.

b) Conductivity (o) of the same samples as a function of the carrier density (n) mea-
sured at 4 K: Broken lines are the tangents to the curves at low densities.

c) Saturation of the conductivity of the devices close to the Dirac point

d) Mobility of the samples as a function of the temperature: The values are obtained by
fitting with the diffusive transport model [32]. For each sample, the side (electron and
holes) which shows higher mobility is plotted here.

The conductivity of the devices (0 = 1/p) as a function of the carrier density
(n) are plotted on part b. While o evolves linearly in n for gr/Si0O; in both sides, it
shows a strong sublinear behavior for gr/h — BN sample. This behavior follows
qualitatively the results of the model proposed by [32] (Figure 2.2) and can be at-
tributed to the lower ratio of np, /n; (ny,: short-range point defects, n;: long-range
charged impurities) which is expected to be the case for a gr/h — BN device due
to less charged impurities. For the same carrier density, we can clearly see that
the conductivity of the gr/h — BN is higher than the gr/Si0O; one implying a
higher mobility for the graphene on h-BN sample.
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can be calculated as
WFE = o/en, so for
a fixed n, sample with
higher o is of higher
mobility.
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We can see the effect of the remaining charged impurities more clearly close
to the Dirac point. Log scale plot of the conductivity (Figure 2.11-c) shows a
saturation by lowering the carrier density at 054t = 1.7 x 1074 S = 1.1 x 4e? /h.
This is well described by the formation of electron-hole puddles [32][44]; however
this saturation start to happen at different densities (nsq¢) for the two devices
(marked by arrows in the figure) which is controlled by the corresponding den-

sities of impurities. From these data we can extract nggéh_BN =0.9x10"%cm—2
and ng(Z{SIOZ = 1.3 x 10"2cm~2. Theory developed by Adam et al[39] (see the
Equation 9 in the introduction) can be employed to calculate the density of

charged impurities for the devices:

- ny =4 x 10" for gr/h —BN;

20e?
Osat = h

Teat =
ni =59 x 10" for gr/Si0;.

These values are obtained by considering the same dielectric properties for
h-BN and silicon. We can see that, by using the h-BN buffer layer, the density
of the charged impurities felt by carriers in graphene appears to be reduced by
more than 30%. This is not a huge reduction but still large enough to improve
the transport of the graphene device to a large extent. The nigT/ BN 411012
looks rather high since the surface of the h-BN is assumed to be completely
neutral; such impurities could be due to the external contaminations deposited
on the graphene during the fabrication or cooling the sample. The trapped water
molecules between graphene and the h-BN flake can also be responsible. Besides,
one has to keep in mind that the h-BN powder used, is for industrial applications
and is not fully pure; so some external and charged contaminations are highly
possible to exist on the flake.

The mobility of the samples can be extracted based on the diffusive transport
model (Equation 6) which is plotted in part d. One can see at the first glance that
for the whole temperature range, the conductivity of gr/h — BN is higher than
the one of gr/S5i0,. This was of course predictable considering all the advan-
tages of h-BN for supporting graphene. On the other hand, starting from room
temperature, the mobility raises for both samples down to 4 K. This can mainly
be attributed to the suppression of the phonon scattering. However by further
cooling, while the mobility of gr/h — BN still increases, it falls for gr/SiO;. This
can also be attributed to the localization, some evidences of which were observed
in the field effect curves. Localization of the carriers in a two-dimensional ma-
terial depends on the ratio 1/Ly, (1: mean free path, Ly: coherence length)[91].
In the case where Ly > 1, self intersecting trajectories increases the possibil-
ity of localizing quasiparticles at intersection points which leads to reduction
of the conductivity. As we will see in the next section, for our system (like for
most other graphene devices), cooling the sample raises Ly, while the mean free
path is largely suppressed by the high population of the charged impurities for
gr/Si0;,, leading to this localization.
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2.5.2 Low-Field Transport Measurements

In the previous section, we have probed the effect of the substrate on the trans-
port properties of graphene at zero magnetic field. A clear charge carrier mobil-
ity enhancement together with a strong reduction of the onset of the inhomo-
geneitity by reducing formation of electron-hole puddles are the main achieve-
ments of having h-BN bulffer layer for graphene. In this section, we evaluate the
effects related to the substrate under the perpendicular magnetic field. Weak lo-
calization is an important phenomena measured at vanishing field in graphene
and reveals information about the characteristic length scales associated to the
scattering in graphene. We will discuss about this effect extensively in this sec-
tion.

As we have discussed earlier (Section 1.4.3), the density of states of graphene
splits into the discrete Landau levels under magnetic field. Formation of such
levels show oscillations in the longitudinal resistivity as well as plateaus in the
transverse Hall resistivity while sweeping the gate voltage or the magnetic field.
It is convenient to visualize such processes by measuring the conductance as a
function of the carrier density and magnetic field. The resulting map known as
fan diagram of Landau levels [93] is shown in Figure 2.12-a and b. For each filling
factor v (corresponding to an specific Landau level) and once the electron density
equals to n(B) = Bv/®( (Do = h/e), the Hall conductance remains constant at
the value o = ve?/h. Then, originated from the center (B=o, n=0) and fanning
out with the slop dn/dB = v/®, plateaus appear as stripes in such diagrams. In
this system, the applied magnetic field is not strong enough to completely split
the levels. Also since a well defined Hall bar geometry is not used, the longitudinal
and Hall conductivities are mixed to each other; all these makes assignment of
Landau levels difficult. The expected constant-conductance stripes for different
filling factors are marked in Figure 2.12-a and b. Splitting the Landau levels at a
specific magnetic field, depends on the quality of the device[34]. By comparing
the mapping in a and b we see that the levels are more developed in gr/h — BN
indicated by sharper line separating Landau levels; this is due to the higher
mobility of the carriers.
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Figure 2.12: Magnetoconductance measurements in graphene on h-BN and on silica

a) and (b) Landau level fan diagram of the conductance of gr/h  — BN and gr/SiO;
samples as a function of the carrier density (n) and magnetic field (B): Some of the
expected stripes corresponding to different filling factors are marked there. Both of the
graphs are measured at 4 K.

c) Low field magnetoresistance in gr/h  — BN: The formation of the weak localization
interference is evidenced as a peak in the resistivity close to B=o in all the gate voltage
range. This color map is measured at 4 K.

As seen in Figure 2.12-c, the magnetoresistance of both h-BN and silicon-based
devices exhibit a peak around zero magnetic field, a phenomenon which is the
signature of weak localization (WL) effects. We will focus on this signal for the
rest of the chapter. One can refer to the section Section 1.4.2 where details about
the theory underlying these signals are introduced.

We have measured several weak localization signals at different temperatures
and charge carrier densities for both graphene devices. Figure 2.13 shows some
of the measured signals. Each curve is obtained by measuring the conductance
while sweeping the magnetic field at a fixed gate voltage and temperature (which
are detailed in the caption and legend). The Y-axis denoted as Ao is the conduc-
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tivity correction term, defined as Ao = o(B) — o(0). Back and forth traces are
plotted together after a small parasitic field hysteresis (attributed the flux trap
in the cryostat environment) has been canceled (by manually setting the apex of
the curves at B = 0).

The theory for weak localization in graphene was developed in great details by
McCann [94] by adapting the concepts of WL in metals to graphene. He derived
the following formula:

e’ [( B B B
=—|{=—)-Fl=——)—-2F| —)|.
AolB) =1 [(Bcb) <B¢ +2Bi) <B¢+B*>] (4
In this relation, F(z) = lanrd)(% + ]2)r Bgpix = % in which ¢ is the
b, i,%

digamma function. Also while B shows the magnetic field, Ly ;. respectively
stands for the phase coherence, intervalley and intravalley scattering lengths. The
corresponding relaxation times can be directly calculated knowing the diffusion
constant D through Lé,i,* = D7gy,i,«. There are few variations of this model in
the literature and we can similarly rewrite the above formula as :

1 -1 1
T T, 42T, T, 4Ty
() o} i () *

Here tg refers to the effect of the magnetic field expressed in time units
through: 15! = 4eDB/h. There are two equivalent approaches dealing with this
model in WL studies: either one extracts Ly i« from the fits and then calculates
the T4 i« using the existing relation or inversely, extracting the relaxation times
from the fits and then calculating the corresponding lengths. In both approaches,
in order to have any information about the relaxation times, we need to know
the diffusion coefficient (D) under the same conduction regime. However as in
graphene, D is not well defined close to the Dirac point (which is the region of
our focus in most of the present measurements), we will keep all our results in
terms of Ly, i « rather than 14 ; .. However since discussion about the correspond-
ing relaxation times can help to understand the physics behind, we qualitatively
invoke T4, i « whenever needed. The continuous lines in Figure 2.13 are the best
fit using Equation 14.

A simplification can be made for the function F(z). Since in all experiments
performed at low fields, z is always much lower than 1, the function in Equa-
tion 15 can be simplified as F(z) = z?/24 and then Equation 15 can be rewritten

as[52]:

e (4eDBr, > 1 2
Aco(B) = 24mth ( h > <] N (1 +2T¢/Ti)2 a (1 +T<I>/T>»<)2> ‘ (o)

One of the main features introduced by defects in WL of graphene is that the in-
terference of carriers belonging to the same valley in a time-reversal manner [53]
can be destroyed by the scattering on large defects. Indeed such defects induce in-
tervalley scattering and thus break chirality [94][95]. Graphene ripples may have
the same effect as they induce fluctuations of the effective magnetic field thus
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destroying the interference[49]. In our system, the roughness of the graphene
inherited by conforming the underlying substrate can indeed reduce the T; ' in-
travalley scattering rate for the gr/SiO; device. Long-range charged impurities
at the surface of the silicon wafer induce fluctuations on a range much larger
than the graphene lattice constant therefore they are not able to break the chiral-
ity and affect the pseudospin [94]. This is why they do not have any strong influ-
ence in reducing T.. However such impurities can effectively work as scattering
sites for inducing constructive interferences between the time-reversal trajecto-
ries. Sharp defects like voids in the lattice of the graphene are believed to be able
to backscatter the quasiparticles between two valleys, such intervalley scattering
are able to mix the two valleys[52]. Consequently in the case that high popu-
lation of the intravalley scatterers (low T.) can suppress the localization due to
the interference within a valley, high intervalley scattering is needed to restore it
back by mixing the two valleys.

What is called weak antilocalization (WAL) (Section 1.4.2) is characterized by
a negative slope in the magnetoconductivity. It comes from the two last terms
with the negative signs in the Equation 15; For a perfect graphene lattice with-
out any intravalley as well as intervalley scattering mechanism, t; and T, both
diverge and thus the magnetoconductivity is purely controlled by the last term
which leads to a pure weak antilocalization signal; this is first experimentally
seen in [52]. Just the other way around, for a sample with very high population
of the defects (intra- and intervalley scatterers), the first term in the equation
plays the most important role while the other terms with negative slopes are
suppressed; this leads to the weak localization condition.

Now and based on this developed theories, we interpret the important features
of our magnetoconductance data presented in the panels of Figure 2.13 and
considering the following observations:

* At first glance, we notice that the WL dips around zero-field are normally
deeper for gr/h — BN compared to the gr/Si0; reference sample measured
in similar gate and temperature conditions. This general feature is repro-
ducible in most data shown in this figure. The depth of the WL correction
mainly depends on the phase coherence length (L4 ); At zero magnetic field,
all trajectories with lengths smaller than Ly, are able to interfere construc-
tively thus creating localization. So the longer the Ly, the more trajectories
can contribute in the localization and thus the stronger the WL correction
effect. One can see this direct and strong dependency of Ac(B) to T4 in
Equation 16. Based on the observed magnetoconductance effect, we can
directly infer that the coherence length on the gr/h — BN appears to be
significantly longer compared to the gr/SiO, sample at different measure-
ment regimes.

This assumption is ¢ For h-BN supported sample in a the magnetoconductance exhibits a down-
supported by the fact turn at low field, which is not seen in the silica-supported sample (b). This
that both samples are d t hich is ch terized by th . 1 in th t

made on chip from ownturn which is characterized by the negative slope in the magnetocon-

the same graphene ductance and is a clear signature of the influence of WAL, arises from the
and very close to each second and third therm in the Equation 15. Being specifically related to

other; Also the similar
residual resistivities far
from the Dirac points,
which are measured

in both of the samples
(Figure 2.10) confirms
this assumption.

the chirality of the graphene, it can be suppressed when the intravalley
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scattering rate is higher than intervalley one (1. < Ti)[94][53]. Assum-
ing that the t; which is controlled by sharp crystalline defects is similar
for both the devices, we can attribute the inversion of slope to the higher
intravalley scattering rate for the silica supported sample. Among all the
parameters which can affect the intravalley scattering rate, the difference
of surface corrugation between the two samples can be the only change
invoked. Previously, the roughness of the graphene deposited on silicon
wafer is reported to be strong enough to suppress all the weak localization
effects [49] by creating some random magnetic fields. It seems that corruga-
tions are not that strong in our gr/Si0, sample however it still can account
for the suppression of the WAL in some cases.

The width of magnetoconductance dips are also different for gr/SiO; and
gr/h — BN devices. This behavior is clear in panels 2 and b and even more
in panel f which corresponds to the measurements performed at 4 K. Scat-
tering events shown in Figure 1.9 can happen due to charged impurities,
substrate related corrugations and crystalline defects. Assuming that the
graphene crystal is the same for both the samples, the two former scat-
tering events are seldom in gr/h — BN samples; in the other words, the
return trajectories making constructive interference in gr/h — BN are ex-
pected to be longer in this sample. The phase accumulated by an electron
traveling in a closed loop under perpendicular magnetic field is expressed
as the circulation of the vector potential: © = £ § A.dl = j:%f (A: vector

potential, dl: small section of the trajectory, S: area of the loop, ¢o: flux
quantum) [91]. This implies that by increasing the magnetic field, the con-
structive interferences are destroyed more rapidly in gr/h — BN, which ac-
counts for narrower dips. Spacing between the scatterers sets a lower limit
for the length of the trajectories; the upper limit is set by the coherence
length. So by increasing the temperature, reduction of the £4, accounts for
reduction of the average areas (S) and thus the dips become wider. This
result is consistent with the previously reported data[51]. The broadening
of the peaks measured at higher temperatures is more pronounced (panel
c). However as will be shown later, the coherence length saturates below
7K for gr/SiO; at the Dirac point, thus decreasing temperature does not
improve Ly, as no remarkable change in the dip widths between 1K and
7K (part d) is visible.

By comparing the temperature dependency of the curves (panels c and d)
some interesting features are also observed: While at the lowest tempera-
ture, non of the samples exhibit any downturn, increasing the temperature
shows manifestations of WAL. The negative terms in Equation 16 which
control the weak antilocalization are inversely dependent to the T4 /T; and
T4 /T« ratios. Reducing the 14, by increasing the temperature, signifies the
negative terms and weak antilocalization appears. The reduction in the
depth of the dips at higher temperatures can also be explained in terms of
the reduced phase coherence length.
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¢ Besides decreasing Ty, increasing T; also reduces the 74 /1; term show-
ing up WAL. Short-range crystalline defects are mainly responsible for
the intervalley scattering events which scales with the density of the car-
riers. Suppressed weak antilocalization at part a at high densities can be
explained by reduced T; at this regime [50].
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Figure 2.13: Low magnetic field magnetoconductance in gr/h  —

devices
(a) and (b) Effect of doping measurements at different charge carrier densities at 4 K;
dV denotes the gate shift from the Dirac point.
(c) and (d) Effect of temperature on the samples: all the measurements are performed at
the Dirac point.
(e) and (f) Direct comparison of the data from gr/h — BN and gr/SiO; devices at 10 K
(e) and 4 K (f).
Continuous lines in all the panels are the best fits with the existing theory (Equa-
tion 14).

4K on SiO3
(b) _ o 6V=0V
309, sv=av |[v [ 08
1V v V=17V
20 >
§ a
= g —0.4 %
3 3
10—
0 4 - 0.0
| ! | ! |
-100 0 100
B (mT)
6V =0V on SiOy
(d) % 12K a2 —0.6

ooo > o

>
@ 2
3‘ mN
3 Es
4K, 6V = 0V
(f)
16 7 0.4
L,
12 |
—_ >
(%) Q
= 84 - 0273,
3 E
4 -
+ on h-BN
< on Si0y
0, , | , 0.0
-100 0 100

B (mT)

BN and gr/Si0O;

67



68 CHAPTER 2. PHASE-COHERENT WEAK LOCALIZATION IN GRAPHENE/H-BN

By fitting the measured magnetoconductance data with the model (Equation 14),
the corresponding lengths for both devices at different temperatures and charge
carrier densities can be extracted. Figure 2.14 summarizes all the results. Panel
a depicts the density dependence of the phase coherence lengths for both of the
samples. It can clearly be seen that the coherence length for the gr/h — BN de-
vice is almost twice the gr/Si0; at all densities, confirming that h-BN buffer
layer does improve the coherence of charge carriers. Phase coherence is known
to be destroyed by inelastic scattering events such as electron-electron interac-
tions [51][50][52] as well as by electron-phonon interactions [52] and magnetic
impurity scattering [96][97]. The way h-BN can affect these mechanisms are not
well studied yet and not enough evidence exists to make any conclusions.

Intervalley scattering lengths of the devices as a function of the carrier den-
sity is depicted in panel b. Short-range scattering mechanisms which affects L;
normally show up at higher densities, this is why a reduction of the L; can be
seen when increasing the density. Crystalline defects like voids are one of the
most important intervalley scattering mechanisms, however considering that the
lattice of the graphene for both devices have the same density of defects, the
fact that L?T/ 5102 4 always less than Ligr/ "~BN invokes an additional scattering
mechanisms which is stronger in gr/S5i0;. Substrate roughness is considered as
another source for the intervalley scattering in the samples strongly attached to
the substrate [94]. Considering the relative roughnesses of the h-BN and silicon,
it seems it plays an important role in reduction of the Ligr/ 5192 in our experi-
ments.

We see the same trend of the increased intravalley scattering events in gr/5i0>
compared to gr/h — BN in part c of this figure. However, unlike L;, there is no re-
markable density dependence in L. Considering all intravalley scattering mech-
anisms, it seems that only ripples and corrugations of the graphene, inherited
from the underlying substrate are different for gr/SiO; and gr/h — BN which
can increase the intravalley scattering rate in the former.
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Figure 2.14: Characteristic lengths playing roles in the weak localization as a function
of the carrier density in the samples

a) Semi-log plot of the phase coherence length (Lg,) for the gr/h — BN and gr/Si0; de-
vices: While Ly, is remarkably longer in gr/h — BN comparing to the gr/SiO; device,
increasing the carrier density improves it for both of the samples. Inset figure shows the
same data in linear scale.

b) and (c) Intervalley (L;) and intravalley (L,) as functions of the carrier density for
gr/h—BN and gr/SiO;, devices

All the data are obtained by fitting the data measured at at 4 K with the theory of the
weak localization in graphene (Equation 15). The dashed lines in all the cases are
guides for the eyes.
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Now we turn to investigate the temperature dependency of the coherence
lengths. The results are shown in Figure 2.15. Direct comparison of the Ly, for
the samples are plotted in a. It appears that coherence length linearly depends
on the inverse temperature in the gr/h — BN sample. Such 1/T dependence
has been reported for 14 close to the Dirac point in previous experiments of
grahene [51][52] and is attributed to the dominant electron-electron interactions
in this regime. However coherence length shows a complete saturation for the
gr/Si0; sample. In panel b, we see that by increasing the gate voltage, a similar
saturation happens at 8V = 3V but at a higher length. Further increasing the
gate voltage helps to get rid of such saturation and recover the expected linear
trend as seen in the 6V = 17V curve. At low carrier density, the formation of
the electron-hole puddles[32][42] limits the coherence of the quasiparticles in
gr/Si0; which explain the saturation. As we reviewed in the previous sections,
at vanishing carrier densities, the charged impurities close to graphene leads to
the formation of a landscape with coexisting electron and hole puddles. This
inhomogeneity can modify the geometry of conducting paths and decrease the
effective dimensions of the sample, ending the saturation of the L, (see the Fig-
ure 2.6-b).

The temperature dependency of Ly for gr/h — BN is plotted in panel c for
very low and high carrier density regimes. As we saw in Figure 2.14, increasing
the density leads to improvements in the coherence length in our samples. For
dV = 17V such improvement is so fast that Ly reaches the size of the sample at
4 K. By further cooling, surprisingly we do not see any peaks associated to the
weak localization in the sample (inset figure). We can explain this behavior in
terms of the rapid increase in the intervalley scattering by the edges of the device,
when the carriers starts to feel it at high Ly. The increased intervalley scattering
destroys all the interference effects associated with the carriers belonging to the
same valley and leads to a constant resistance.
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Figure 2.15: Coherence length as a function of the temperature for the devices

a) Comparison of the behaviors of the coherence lengths for gr/h — BN and gr/Si0O;,
at the gate voltage close to the Dirac point versus inverse temperature: While cooling
the sample, the Ly, for gr/h — BN increases monotonically, it saturates rapidly for the
gr/Si0,. Inset is the same data plotted as a function of the temperature.

b) Temperature dependency of the Ly, for the gr/Si0; at different densities: Electron
and hole puddles limit the coherence length of the carriers at low densities.

c) Temperature dependency of the Ly, for the gr/h. — BN at different carrier densi-
ties: no clear saturation as what is seen for the case of gr/Si0, is detectable for the
gr/h — BN. In high doping regime, Ly, reaches the length of the sample very rapidly
at 4 K; further cooling of the sample (inset figure) leads to elimination of the weak
localization.

Dashed lines in all the cases are guides for the eyes. Also 8V = |Vg — Vp| where Vp:
Dirac point voltage.
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2.5.3 Results and Discussion

Electron transport properties of graphene is highly dependent on the environ-
mental conditions; especially the substrate on which graphene sheet lies has
tremendous influence on its properties. Two-dimensional hexagonal boron ni-
tride has proven advantageous to support and to make heterostructures based
on graphene; it has atomically flat and neutral surface and its crystal structure
matches well with graphene’s. The advantages of h-BN in increasing the mobil-
ity and mean free path of carriers in graphene have been proved earlier [1][2][33]
but surprisingly there is no phase coherent transport of quasiparticles [98] e.g.
proximity induced Josephson effect, weak localization, aperiodic conductance
fluctuations or Fabry-Pérot interference is reported in graphene/h-BN systems
so far; thus the effect of the substrate on the coherent transport of graphene is
still under question. In this work we tried to shed some light on this question
by analyzing the low field magnetoconductance properties in graphene devices
tabricated on h-BN flakes and comparing with devices on silicon substrates.

This study began by fabricating backgated transistors made of few-microns-
wide CVD graphene stripes deposited on silica and on h-BN flakes. Both devices
are made ten micrometers away from each other and thus one can be quite
confident that the intrinsic properties of graphene (such as density of internal
defect) is the same for both devices.

Room and low-temperature field effect measurements at zero magnetic field
are the first electrical measurements, done. The improved electronic mobility on
graphene deposited on h-BN is clearly visible.

Then, we have compared the low-field magnetoconductance of both devices.
Weak localization in graphene strongly differs from other thin films in the sense
that unlike other materials in which only inelastic scattering and spin-flip due
to the magnetic impurities play roles in weak localization interferences [99][96],
elastic scattering events also can contribute in such effects in graphene. Chirality
of the charge carriers in graphene is the key point in understanding the the-
ory of WL in graphene. There are some elastic scattering mechanisms including
scattering by surface ripples, dislocations and large defects in the lattice of the
graphene [49][95] which are able to break the chirality and thus destroy the con-
structive interference by electrons with opposite momentum and belonging to
the same valley. Characterized by the rate 15 !, they are referred to as intravalley
scattering. Besides such events, trigonal warping which happens at the rate T,
and due to the anisotropy of the Fermi surface is another mechanism which can
effectively destroy such interferences. At some circumstances, electrons from dif-
ferent valleys also can interfere and restore the WL; which can be accounted for
by elastic scattering by large defects in the order of lattice parameter. These are
referred to as intervalley scattering and are characterized by the rate Ti_] .

We probed magnetoconductance in graphene sample on h-BN buffer layer
and compared the results with adjacent graphene on silicon wafer; this gives the
opportunity to directly measure the effect of the substrate on the characteristic
lengths including phase coherence length in graphene. We did such measure-
ments at different temperature and carrier densities including the Dirac point. In
all the measurement regimes, clear improvements in the phase coherence lengths
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are observed. Having graphene on h-BN rules out largely the substrate related
perturbations and helps graphene to regain its pristine properties. The nature
of such perturbations which can affect the coherence length in graphene on sil-
icon is not completely clear and needs more investigations. However the effect
of the elastic sharp scattering due to the roughness of the substrate is clear com-
paring the intervalley and intravalley scattering lengths. The region close to the
Dirac point is very important in this experiment since the charged impurities can
show up by the formation of the electron-hole puddles. The destructive effects
of splitting the area of graphene into such electron-rich and hole-rich regions on
the conductivity of graphene is previously reported [42] which is evident in our
zero-field transport results. Moreover, we show here that the coherence length
of the quasiparticles also can be limited inside the puddles manifested by the
saturation of the Ly, at low densities.
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Proximity-Driven Direct Growth of
Graphene on Hexagonal Boron Nitride

In the previous chapter, the main advantages of using a h-BN buffer layer on pre-
serving the transport properties of graphene are reviewed. So far, graphene/h-
BN heterostructures have been fabricated mainly through transfer processes,
which may lead to structural uncertainties due to the random stacking between
graphene and h-BN substrate. Also reducing the quality of the h-BN/graphene
interface is highly possible. In this chapter we demonstrate the direct growth
of large scale graphene on h-BN fakes pre-exfoliated on copper foil in a usual
chemical vapor deposition (CVD) process. The growth follows the van der Waals
epitaxy mechanism in which weak interaction presents in between the substrate
and the growing film. Raman analysis confirms the growth of graphene and
show that graphene tends to follow the orientation of the underlying h-BN crys-
tals. Transport measurements prove that the interface of the graphene/h-BN is
very clean. Even though at high carrier concentration the conductivity of the
electrons is suppressed by the crystalline defects, we obtain high mobilities at
lower densities which to the best of our knowledge, is the highest reported for
the CVD graphene grown on a non-catalytic surface so far.

3.2 Introduction

Charge transport in supported graphene is highly limited by the charge impuri-
ties at the interface of graphene and substrate [44][34][32] and this is the most im-
portant reason for using hexagonal boron nitride (h-BN) buffer layers in between
the graphene and its supporting substrate in transport applications. Such a sys-
tem was first successfully realized by [1] and they obtained carrier mobilities as
high as 140,000 cm?/V.s which were not reachable on supported devices before.
Later work [2] also confirms the advantages of h-BN for CVD graphene. Recently
it has been proven that, by sandwiching graphene between two h-BN layers, one
can obtain very high mean free paths and reach the ballistic transport even at
room temperature [33][35]. Having crystalline structure with a lattice parameter
close to that of graphene as well as its ultra smooth surface are the other remark-
able properties of h-BN, assisting to approach the ultimate electronic properties
of graphene [100].

In all these reports, CVD or exfoliated graphene is first isolated on an inter-
mediate substrate and then transferred on h-BN. This process is not an ideal
technique and has some disadvantages: contaminating the surface of h-BN and
graphene is highly possible during this process and air or water molecules might
be trapped at the interface. Also graphene can be damaged or wrinkled. Further-
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more, graphene and h-BN can take any arbitrary relative orientation and thus
any result that depends on the strong coupling of these layers is not easily re-
producible. Macroscopic alignment of graphene on h-BN flakes is another issue
which is normally very time consuming. This is why transfer-free direct growth
of graphene on h-BN techniques is highly demanded. The main advantage of
such a technique is that the interface of graphene and h-BN is realized in-situ
and thus there is no external contaminant that can be trapped in between.

Necessity for the presence of a catalyst in standard CVD process, copper for
example, is an important hindrance for the development of direct growth tech-
niques. Even though there are few attempts for skipping the catalyst in very
long CVD processes to grow graphene on exfoliated h-BN flakes, the resultant
graphene crystals are normally too small for transport applications [101][102][103]
and/or with low carrier mobilities [5][104]. In addition there are some methods
developed for growing both graphene and h-BN in the same chamber to make
graphene/h-BN stacks [105][106][107][108]; these techniques lead to the forma-
tion of too thin layers of h-BN, not enough to smoothen the roughness of the
final substrate and diminishing the effect of the random potentials resting on
the wafer.

In this chapter, we present a technique for directly growing graphene on thick-
/large h-BN flakes which are pre-exfoliated on typical copper foils used in CVD
growth processes. This chapter starts by describing the concept of a superlattice
which happens due to the superposition of graphene and h-BN crystals. There
we will try to show how it affects the band structure and transport properties
of graphene. A review of the techniques and results reported for making such
heterostructures by directly growing graphene on thick h-BN flakes is presented
in the next section. Van der Waals epitaxy is a growth mechanisms which can ex-
plain epitaxial growth between materials without dangling bounds and it seems
it plays an important role in our growth technique. In a separate section, we will
try to briefly explain this mechanism. The main body of this chapter is the sec-
tion which comes after in which our proximity growth technique is explained.
Different subsections there cover the comprehensive optical and transport anal-
ysis of the grown samples. The data obtained from such samples with similar
results one can get from transferred graphene/h-BN devices are compared. Re-
viewing the results, discussion about them and propositions for improving the
technique come in the final section of this chapter.

3.3 Graphene on h-BN Superlattice

The electronic band structure of graphene is reviewed in Section 1.3. Near the
Dirac point, the density of states of graphene disperses linearly with energy
which is governed by the massless Dirac equation. The conduction and valence
bands in graphene intersect at the Dirac points and thus there is a zero bandgap.
Klein tunneling known as Klein paradox also is an important characteristic of the
band structure of graphene which prevents the formation of such gaps [109]. On
the other hand, periodic potentials can affect the propagation of charge carriers
in graphene by means of various superlattice potentials. They can induce new
Dirac points but are not able to open bandgaps in graphene, because of the
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chiral nature of the Dirac fermions. Scanning tunneling microscopy (STM) is a
powerful tool to probe the superlattice generated in graphene lying on crystalline
substrates through the produced moiré patterns. In this way, hexagonal boron
nitride is of particular interests since it is an insulator and can couple to graphene
very weakly by van der Waals forces. Strongly neutral and charge-free surface is
another important property of h-BN for this purpose.

Graphene on h-BN heterostructure was first probed by tunnelling microscopy
by [111]; the first evidence of a moiré patterns in this work indicates that graphene
conforms to h-BN. Similar work has been performed later by [112]. As an impor-
tant work in this field, Yankowitz et al[3] showed theoretically and experimen-
tally that the periodic potential associated to h-BN which is felt by the carriers
in graphene, leads to the generation of new Dirac points at energies dependent
on the wave vector of the superlattice (Asi) which is a function of the mismatch
angle (®) between the lattices (see Figure 3.1-a):

Aer — (T+9)a
St 201 0)( —cos®) + 62

(17)

In this relation, a = 2.46 A and & = 1.8% are the lattice parameter of graphene
and the mismatch between graphene and h-BN lattices. The extra and superlat-
tice induced Dirac points which are referred to as satellite Dirac points (SDPs),
show up as the formation of two symmetrical dips in the local density of states
probed by tunnelling microscopy. They are of the energies:

fve|Gl _i27rhvp
2 V3Ast

Here G represents the reciprocal superlattice vector and vy ~ 10°m/s is the
Fermi velocity of quasiparticles in graphene. Examples of the measurements
showing such ® dependent dips are presented in Figure 3.1-b. SDPs were ob-
served later in the gate dependent resistivity measurements in directly grown
graphene on h-BN devices [5].

Equation 17 and Equation 18 are important relations to calculate @ i.e. besides
moiré mapping, the dips appearing in the transport data can be used to calcu-
late the rotation angles between graphene and h-BN lattices in such heterostruc-
tures. However, the necessity to cool down the sample to measure the relevant
data is the important hindrance in both of the techniques. Recently Eckmann
et al[113] introduced a third method based on Raman spectroscopy which can
be performed even at room temperature. In this systematic study, they fabricate
many graphene/h-BN devices and by doing low temperature transport measure-
ments and based on the positions of the SDPs, they calculate the rotation angles
using Equation 17 and Equation 18. By recording Raman spectra on the same
samples they noticed that the rotation angle can affect the width of the 2D band
of graphene. They conclude that the following correlation exist between the Asp
and full width at half maximum of the 2D peak in such systems:

Espp =+ (18)

FWHM(2D) = 2.6 Agp +5, Ast > 6nm (19)
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Moiré is an interference
effect in which a
secondary pattern is
generated when, for
example, two very
similar patterns with a
small displacement or
rotation in between are
superimposed [110].
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Figure 3.1: Probing the superlattice of graphene/h-BN heterostructures

a) Moiré pattern as the primary indication of the supperlattice in graphene on h-BN
heterostructures: Depending on the relative orientation of the graphene and h-BN, dif-
ferent superlattice wavelengths can form (Asy, Onm < Asy < 14nm, Equation 17).
Figure is adopted from [3].

b) Satellite Dirac points show up as dips marked by arrows in the dI/dV curves as
measured by Yankowitz et al: The black and red curves correspond to the samples with
moiré wavelengths of 9.0 nm and 13.4 nm respectively.

c) Correlation between the width of the 2D band of graphene and superlattice wave-
length: Eckmann2013 et al shows that simple relation exists between the full width at
half maximum of the Raman 2D band of graphene (lying on h-BN) and the correspond-
ing Ast. (Equation 19). Inset shows the formation of the satellite Dirac points in the
density of states of graphene. Figure is adopted from [113].

Example of their results are presented in Figure 3.1-c.

A brief description about the formation of the superlattice in graphene on h-
BN systems as well as important works and existing techniques to probe them
were presented in this section. All the samples measured in these works are
fabricated by transferring exfoliated monolayer graphene on thick h-BN flakes.
However there are some techniques reported for directly growing CVD graphene
to make such stacking which will be reviewed in the next section.

3.4 Reports on Directly Growing Graphene on h-BN

Considering that the field of graphene on h-BN is still very young, only few re-
ports have been published so far showing the possibility of the in-situ fabrication
of the graphene/h-BN stacking. In this section, a brief review of the techniques
and important achievements reported in this field is presented. We have col-
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lected the works here in which graphene is grown on thick h-BN flakes which
are suitable for the transport applications.

The first paper about directly growing CVD graphene on hexagonal boron
nitride was submitted just four months after the birth of the graphene/h-BN sys-
tems [1]. Published by Ding et al [101], this paper shows the possibility of grow-
ing few layer graphene on h-BN powders through the typical chemical vapor
deposition technique. Raman spectroscopy and high resolution TEM techniques
are used to confirm the presence of graphene after the growth and to measure
its thickness. The size of the graphene domains is not clear and since growth is
done on h-BN powders, there is no transport measurement data reported in this
work. Some of their results are shown in Figure 3.2-a and b.

Few months after, the second work was reported by Son et al[102]. In this
work, h-BN flakes are mechanically exfoliated on a silicon wafer. This sample
is inserted into an atmospheric pressure CVD chamber in which graphene is
grown. Having done the growth in the temperature range between 900°C to
1000°C, they notice increases in the density of the graphene pads by raising
the growth temperature (Figure 3.2-c and d). Graphene flakes obtained have
rounded shapes with the thicknesses of the order of o.5nm. AFM, Raman and
XPS analysis have been performed to confirm the growth and characterize the
graphene after the growth.

Later another group reported a similar work [103]. Like the Son’s experiment,
graphene is grown on hexagonal boron nitride flakes exfoliated on silicon wafer,
but through low pressure CVD process. They noticed that screw dislocations on
the flakes are favorable nucleation sites. The slow growth rate in such processes
is very evident in this work; a growth duration of 6 hours only leads to the
formation of graphene grains of maximum 270nm in diameter (Figure 3.2-e to
g). Most of the graphene domains obtained are single layer as is confirmed by
Raman analysis.
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The fact that so rapidly
after the first realiza-
tion of graphene/h-BN
systems [1], the works
for directly growing
graphene on h-BN
start being reported
shows the importance
and demands for

such techniques in
improving the quality
of the stacking.
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Figure 3.2: Early reports on the direct growth of graphene on thick h-BN flakes

a) and (b) Results of Ding et al [101]: Graphene is grown on h-BN powders through a
CVD process. The Raman spectra on (b) are taken from bare h-BN powder and after the
growth.

c) and (d) Results of Son et al [102]: The effect of the growth temperature on the density
of the obtained flakes is reported as AFM mappings in this work. The density has raised
a lot as the temperature increased from 900°C to 1000°C. This growth lasts for 2 hours.
The inset in (d) shows an example of the Raman data obtainable from this sample.

e), (f) and (g) Results of Tang et al[103]: In this report we can clearly see the growth
rate is very low in such techniques due to the absence of catalyst. AFM measurements
shown in these figures are done after 1, 3 and 6 hours.

All the figures are reprinted with adoptions.

In a collaborative work between several groups in Spain, US, UK and Japan,
the next paper appeared in 2012 [114]. Unlike the previous experiments, graphene
is grown by molecular beam epitaxy (MBE) using solid carbon sources. They re-
alized that graphene has grown non-uniformly suggesting the surface morphol-
ogy and other individual characteristics of the h-BN flakes, may play a significant
role. Also Raman analysis reveals that the growth is independent of the flux of
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carbon atoms, indicating that the carbon atoms are of very high mobilities on
the neutral h-BN surface; this conclusion matches well with van der Waals epitaxy
picture (Section 3.5) in which weak interaction improves the mobility of adatoms.
Temperature is the main parameter affecting the growth rate and number of the
graphene layers in their work. Raman and AFM are characterization techniques
they have employed. Examples of the Raman spectra they obtained from the sam-
ples grown at 930°C are shown in Figure 3.3-a which are measured on the spots
marked by A and B in the inset figure. While the characteristics graphene signals
appear at point A, the signal in B shows much broader Raman bands without
any 2D signature indicating much lower quality graphitic layers. Figure 3.3-b
shows examples of the AFM data in which small graphene flakes are visible.
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Figure 3.3: Result reported by Garcia et al [114] [115]

a) Raman spectra measured on two spots on the sample shown in the inset: While the
formation of monolayer graphene is confirmed in the signal measured at A, the absence
of the 2D band as well as broad D and G peaks show that the carbon material grown on
B possesses graphitic characteristics.

b) Example of the AFM data reported in this work: grown graphene domains partially
but uniformly cover the h-BN flake. Small scale AFM mapping on the right shows
graphene flakes suffer from the formation of little bubbles during the growth.

The most successful work so far in this field was published in 2013 [5]. They
utilize plasma-assisted CVD technique to grow graphene on mechanically ex-
foliated h-BN flakes. Large area, epitaxial and single crystal graphene domains
directly grown on the h-BN flakes are obtained for the first time. Breaking down
the methane molecules with a remote plasma source eliminates the need for a
catalyst; this enhances the growth rate and hence the domains size. The clean-
ness of the flakes is high enough that they manage to observe the moiré pattern
associated to superposition of graphene and h-BN crystals by AFM analysis. It
shows that graphene crystalline orientation follows the one of the underlying
h-BN. The size of the graphene is limited by the size of the h-BN flake which is
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still large enough to fabricate devices for transport experiments. The signature
of the superposition of the lattices as extra Dirac points in the resistivity and
quantum Hall effect measurements reveals at low temperature. Their graphene
shows a maximum mobility of 5,000 cm?/V.s at 1.5 K.

Tang et al published another paper[4] two years after their first work,[103].
They use the same fabrication procedure as in their earlier report; however they
try to investigate the heterostructures by using AFM similar to [5]. Moiré pattern
in this work also is used to confirm the alignment of the graphene and the
substrate.

All the important works in which graphene is directly grown on h-BN flakes
are briefly described in this section; Table 2 also summarizes the techniques and
properties of the obtained graphene. We note that there are some other reports
for growing graphene on other non-catalytic substrates and thus they have not
been covered in this section. One of the latest examples of such reports is the
work done by Chen et al[104] in which micrometer-sized graphene flakes (as
big as 11um) are chemically grown on dielectric substrates in very long growth
processes (up to 72 hours) which they call it near-equilibrium CVD method. They
have done such growths on dielectric chips of polycrystalline Si3N4/S10,/Si,
S10,/Si, quartz and sapphire.
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Figure 3.4: Result of the experiments reported by Yang et al[5] (a to d) and Tang et
al[4] (e and £)

a) Moiré pattern due to the superposition of the graphene and h-BN lattices, b) Filtered
inverse fast Fourier transform of the pattern which is visible in the dashed square in a,
height profile along the dashed line is shown in the lower part. The periodicity of the
oscillations can be used to calculate the rotation angle between the lattices.

c) Gate dependence of the resistivity measured at different temperatures: satellite peaks
shown at the left and right side of the Dirac point are due to the formation of the super-
lattice. d) This effect also shows up as the pattern at the left side of the fan diagram of
the Ry in the quantum hall measurement.

e) Topography of the small graphene flakes and (f) Moiré pattern reported in Tang’s
work.

All the figures are reprinted with adoptions. The mappings shown in a, b, e and £ are
done with AFM.
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Table 2: Summary of reports about directly growing graphene on thick h-BN flakes

report process precursor temperature duration size thickness
Ding [101] CVD  CHj (50-90sccm) 1000°C 3-8 min* NM >6L
Son [102] CVD  CHj (30-50sccm)  900-1000°C 2 hrs 1oonm &~ 0.5nm
Tang [103] CVD CHj4 (5sccm) 1200°C 1-6hrs  <2yonm ML
Garcia[114] MBE solid carbon 600-930°C  40.6 min nm-scale ML
Yang [5] PECVD CHg** ~ 500°C > 3hrs um-scale ML& BL
Tang [4] CVD CHj4 (5sccm) 1200°C 1-5hrs  pm-scale ML& BL

NM: not mentioned in the paper, ML: monolayer, BL: bilayer

* The size of the graphene flakes are not investigated in this work and it is very unlikely that
they exceed few nanometers in such a short growth.

** The flow rate of methane is not reported in this paper.

3.5 van der Waals Epitaxy

In the case of fabricating heterostructures by depositing a material on a substrate
and by considering the terminating layers of the materials, at least 2 mechanisms
are considerable: In materials with terminating layers full of dangling bonds
e.g. unsatisfied covalent bonds, atoms in one material can be connected only to
the atoms of very similar lattice; this is because the covalent bonds are very
sensitive to the length and the angle between the atoms. This is an important
hindrance in epitaxial growth between materials with very different lattice pa-
rameter. Figure 3.5-a schematically illustrates this situation. For the case of ionic
materials obtained by bonding between alkali metals and halogens, formation
of an intermediate layer of few nanometers solves the constriction of the lattice
mismatch. In such structures, the lattice parameter switches smoothly from that
of the substrate to the lattice constant of the film. The other case can be found in
between two materials with perfect terminating surfaces and no dangling bonds
(Figure 3.5-b). The absence of the dangling bonds can lead to the formation of
very sharp interfaces with small amount of defects. This growth mechanism is
referred to as van der Waals epitaxy and can be realized even in the presence
of large lattice mismatches. For fabricating high quality and very thin (atomic-
order thickness) heterostructures, van der Waals epitaxy is qualified to be one of
the most powerful techniques. Large organic molecules like Phthalocyanine [116]
and Cgp have been grown on cleaved MoS; substrates by this principle. As in-
teresting efforts [117][118] (Figure 3.5-c), the surface of the freshly cleaved MoS;
is covered with a very thin layer of GaSe; AFM nano-lithography strips partially
the surface of MoS; into nanoscale holes or grooves. SEM investigations after
a short Cgp growth time show that only bare MoS; nano-regions are covered
by Cso molecules which are more favorable sites considering the van der Waals
epitaxy picture.
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Figure 3.5: van der Waals epitaxy growth

a) For the growth of materials with dangling bonds, the lattice mismatch is considered
as an important hindrance for reaching epitaxial condition.

b) The weak van der Waals interaction between the substrate and film in materials with
no dangling bonds, epitaxial growth can be realized for any level of lattice mismatch.
Figures (a) and (b) are made by inspiration from [119]

c) Example of the successful realization of epitaxy in between materials with weak van
der Waals interactions: Figure is reprinted with adoptions from [118].

3.6 Proximity-Driven Direct Growth of Graphene on
h-BN

Different techniques for directly growing graphene on thick h-BN flakes have
been briefly presented in Section 3.4, a summary of which is collected in Ta-
ble 2. The fact that in all these techniques, the catalyst material for CVD growth
is skipped, very long reaction times are needed to decompose the amount of
precursor materials required to form acceptably large enough graphene flakes.
Using plasma activation upstream the flow to break the CH4 molecules, is a tech-
nique used by Yang et al [5] to cope with this limitation; however the growth still
lasts for several hours. The obtained mobility in this technique (5,000 cm?/V.s)
is commonly reachable in graphene lying on SiO;, so it seems the absence of
the catalyst can eliminate the important benefits one can get by making such
heterostructures.

Considering all these limitations, we introduce a new technique for directly
growing graphene on h-BN in which methane can have indirect access to the cat-
alyst and thus we use the term proximity-driven direct growth to address it. High
spatial mobility of the carbon atoms which is predicted in van der Waals epitaxy
(Section 3.5) and has been realized before in such heterostructures [114] is the key
point to understand the growth mechanism. The obtained graphene is probed
by different techniques right after the growth (DG directly grown graphene) as
well as after transferring on a silicon wafer (TG). Also low temperature transport
properties of such heterostructures is examined. All the details of the technique
and measurements results are covered in this section.
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3.6.1 Process Flow

The process flow for proximity growth of graphene is illustrated in Figure 3.6.

In all the techniques for directly growing graphene on h-BN reported so far
(Section 3.4) h-BN is mechanically exfoliated on silicon wafer and thus in the
absence of the catalyst, the graphene is grown on the final sample. However in
our method, h-BN flakes are exfoliated on Cu foils which are typically used in
CVD process [88] (Figure 3.6-I) and then put in the CVD chamber. Using normal

growth recipes, the graphene is grown both on the h-BN as well as on the Cu foil.

Table 3 summarizes the parameters used for this growth. In the next steps we use
a so-called dry transferring technique to transfer the graphene/h-BN stacks on a
silicon wafer. For that, we spin a layer of PMMA (~ 300nm) on the sample and
attach a layer of thermal release tape (TRT) on it (III). These two layers are used
to support graphene/h-BN in the subsequent steps. Cu foil is then etched away
by using suitable chemicals (IV). Then the graphene/h-BN sample is rinsed in
DI water to remove any ionic species. This sample supported by TRT is rigid

enough to take it out from the water bath and dry it by using a nitrogen gun.

Without doing this step there is small chance that the potential associated to the
polarized water molecules affect the transport properties of graphene. We note
that the support from TRT layer is crucial at this stage; the PMMA layer also is
needed between TRT and graphene since the glue residuals from TRT directly
attached to graphene is very difficult (almost impossible) to clean. By pressing
the sample against the surface of a wafer which is turned to be hydrophilic (by a
previous piranha (H2504 and H202, 3:1) treatment), the sample attaches to the
wafer (V). TRT can now be removed easily after a short annealing at ~ 120°C and
for ~5 minutes (VI). The normal acetone/ IPA treatment can strip the PMMA
layer at this step (VIII) and graphene/h-BN/Si0; sample is now ready for the
later measurements (VIII).

Table 3: Parameters used for the proximity CVD growth

1st annealing®  2nd annealing™*  growth temperature growth time growth atmosphere pressure

350°C- 6omin  1000°C- 60 min 1000°C 90 sec CHg4 (3 sccm), Hz (700 scem) 1 mbar

* The 1st step of annealing is used to remove the glue residuals on the sample
** This step of annealing is typically used in normal CVD processes to improve the surface
quality of Cu foils. Its importance in our technique needs to be investigated.
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The dry transferring
techniques are nor-
mally more favorable
than the wet techniques
in making such
heterostructures in
order to minimize the
possibility of trapping
water molecules in
between graphene and
h-BN surfaces.

This process of etching
with chemicals is
explained in more
details in Section 2.4.1.
If h-BN is thick enough,
this parasitic potential
is less considerable.
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Figure 3.6: Growth and transferring process of the samples

h-BN is first mechanically exfoliated on the copper foil (I). Then through a typical
CVD process, graphene is grown on the foil covering h-BN flakes (1I). After cooling,
Poly(methyl methacrylate) (PMMA) is spun on the sample and thermal release tape
(TRT) is used to support them (I1I). At the next step Cu foil is etched away by using
a right solution of ammonium persulfate (IV). After washing the sample with distilled
water, it is dried out using a nitrogen gun and is transferred on a surface activated
wafer (V). Finally by applying heat (VI) and treatment with acetone (VII), TRT and
PMMA are removed one after the other.

3.6.2 Initial Characterization of the Graphene on Cu Foil

Right after the growth, some analyses are done to qualify as-grown graphene.
AFM and SEM images of one of the samples are shown in Figure 3.7-a and b
respectively. h-BN flake mainly lies on the Cu foil even though some of its bottom
layers might have sunk into the foil at the high temperature of the CVD process.
The surface of the flake looks very flat as is demonstrated in the zoomed AFM
map in Figure 3.7¢ which is taken from an area defined by dashed line in the
SEM image. A histogram of the height distribution measured inside an arbitrary
window of 400 by 400 nm? inside this area is shown in Figure 3.7-d. The width
of this graph (< 4A) is consistent with the previous report[1] and our analysis
of bare h-BN flakes (Chapter 2); this indicates that the surface quality of the h-BN
is preserved passing the high temperature process. Raman spectrum measured
on the flake is shown in Figure 3.7-e. Appearance of the graphene characteristic
D, G and 2D bands together with the h-BN signal in this spectrum confirms the
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growth and existence of the graphene. Similar spectra are obtained on all the
points probed on this flake.

One can compare the zoomed out AFM mapping in Figure 3.7-a and ¢ with
similar data reported by Garcia’s paper [115] which is illustrated in Figure 3.3-b.
We see that while graphene in their work is in the form of small flakes which
are bumped up as the result of their growth technique, the proximity induced
growth leads to the formation of a continuous sheet, covering all the surface of
the sample and thus is not distinguishable from the h-BN in the AFM mapping.
Also the absence of any bubble is very clear in the focused image as well as on
the height distribution histogram (Figure 3.7-c and d).
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Figure 3.7: Initial analysis of the graphene/h-BN stack on the copper foil and right after
the growth

a) AFM and (b) SEM images of an example of the h-BN flakes on the copper foil af-

ter the CVD process: Graphene has covered continuously all the area and thus is not
identifiable in these images. Scale bars measure 2 pm.

c) AFM image focused on the area defined by the dashed line in (b), and (d) correspond-
ing histogram of the height distribution. Solid line is a Gaussian fit to the distribution.
e) Typical Raman spectrum measured on this sample (laser wavelength: 532 nm). The
background photoluminescence is subtracted by means of a polynomial function.

3.6.3 Growth Mechanism

h-BN related materials are known to be chemically stable even at high tempera-
tures [82] i.e. it does not meddle in the chemical process for the formation of the
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graphene layer. Here we consider and weigh different possibilities which may
justify our observation of growing graphene on h-BN through this CVD process:

A first scenario is that methane molecules land on the h-BN surface already in
a partly de-hydrogenated state, in which they are more reactive and thus liable
to react together and form graphene. Such a process was invoked and ascribed
to the presence of Cu atoms in the vapor phase [120][121]. This process however
has a very low yield, compared to that resulting in the formation of graphene on
Cu. While 20sccm of methane and a 3o minute growth was needed to achieve
full coverage [120][121], in our case, 3sccm and gos are sufficient. This process,
if presents, can thus only have a marginal contribution here.

As the next scenario, we can consider that the surface of h-BN is turned cat-
alytically active by the diffusion of copper on top. If the diffused copper is large
enough to make 3D clusters there, it would induce a roughness well beyond
what we observed in our AFM measurements (Figure 3.7-d). This picture is only
considerable if we assume that the diffused copper form a thin film on h-BN
with a roughness comparable with crystalline materials.

The last possible scenario is that methane is cracked away from the h-BN
surface, on Cu, and the resulting carbon adatoms diffuse towards the surface of
h-BN, where it condenses in the form of graphene above a critical carbon adatom
concentration. It seem this is the most important picture which can explain and
match our observations. Migration of the carbon atoms to the surface of the h-BN
is the key point governing the rate of the formation of graphene on h-BN here.
Our later analysis in Section 3.6.4 shows that graphene on h-BN has formed at
the same rate of on the surrounding copper foil which implies a high mobility of
carbon atoms on h-BN which has been confirmed before [114][115]. This matches
with the picture of van der Waals epitaxy, reviewed in Section 3.5.

3.6.4 In-depth Optical Analysis After Transfer

We now turn to analyze graphene once it has been transferred onto a silicon
wafer. An oxygen plasma etching step after transferring, provides further evi-
dence that graphene has overgrown the h-BN flake: the width of the resulting
graphene ribbon, which can be assessed by the careful inspection of optical and
SEM images (Figure 3.8-a and b) and more readily by Raman mapping of the
graphene’s G mode (Figure 3.8-c), is identical on top of h-BN and away from
it, which would not be possible if graphene would lie between h-BN and Cu
(before transferring) or between h-BN and wafer (after transferring). Figure 3.8-c
also reveals the presence of another graphene region which shares a common
edge with the h-BN flake proving that it has been masked by the flake through
the plasma process. This region is not detected in the optical (Figure 3.8-a) nor
in SEM images (Figure 3.8-b) and thus is not lying on the surface. For the wave-
length we use, the absorption of the hexagonal boron nitride is negligible [122]
thus this graphene could be located at any level below the surface of h-BN even
at the backside. We note that Raman visibility of the graphene through covering
h-BN flakes is a known phenomenon [123].
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Figure 3.8: Raman analysis after transferring the sample on a silicon wafer

a) Optical micrographe image of a rather large h-BN flake: The scale bar here shows
10pMM.

b) False color SEM image of the area defined by the dashed lines in (a)

c) The corresponding intensity map of the Raman G-band of the graphene: The border
of the h-BN flake is identified by the dashed line here.

Examples of the Raman spectra of graphene measured on a h-BN flake (S1)
and in a very close vicinity of it, on the silicon wafer (52) are shown in Fig-
ure 3.10-c. This flake is the same sample used for the transport measurements
(optical micrograph is shown in the inset of Figure 3.10-a) and these Raman data
are measured before electrode deposition. Both 2D peaks there can be fitted well
with a single Lorentzian shape which is one of the signatures of a single layer
graphene [124]. It is shown later that the full width at half maximum (FWHM)
of grown samples (including this sample) converge to 46 cm ™" which is a proof
of monolayer graphene with almost a perfect alignment regarding h-BN orienta-
tion.

We start the analysis by focusing on the defect band. Deconvoluting the signal
close to the BN and G peaks displays D (1346 cm™') and D’ (1622 cm ™) modes
(inset figure), the ratio of which (Ip /Ip-) carries the information about the nature
of the defects in graphene [125]. Here we obtain Ip /Ips = 6.5 for S1 which is very
close to the value reported for vacancies. This means that the crystal structure of
our grown graphene suffers from the high population of voids which could be
the result of disorder happening during the migration of the carbon atoms on
the flake. For the graphene lying on the silicon wafer, the intensity of D is very
low (there is no visible D’) which is a character of high quality graphene.
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Figure 3.9: Comparison of the Raman signatures of directly grown (DG) and trans-
ferred graphene (TG) devices

a) Raman spectra measured on the h-BN flake (S1) and on the nearby silicon wafer (S2)
of the samples used for the transport measurements (Figure 3.10-a). The inset figure

is the same data of S1 focused in a small range. Deconvoluted curves by a Lorentzian
fitting are plotted there by the black dotted lines.

b) Distribution of the width of the 2D peaks for DG and TG devices: Data of DG is
obtained by analyzing a set of 20 devices. It follows a Gaussian distribution depicted by
the dashed line. 30 transferred graphene devices have been used to obtain distribution of
TG.

All the Raman data shown here are measured with an excitation energy of 2.33 eV.

It was recently demonstrated that the width of the 2D peak in such stacking
is very sensitive to the relative rotational angle between graphene and h-BN
crystals [113]. This experiment is reviewed earlier (Section 3.4, and Figure 3.1-c)
and now their results are used to interpret our data. Figure 3.9-b compares the
distribution of the width of the Raman 2D band of many TG and DG devices.
The samples made by transferring graphene, the FWHM of 2D peaks ranges
between ~ 20cm ™! up to ~ 50cm ™!, without showing any trend. However
it seems the directly grown devices are centered around ~ 46cm~' and the
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distribution follows a Gaussian relation. This width is very close to the value
predicted by Eckmann et al for the precisely aligned graphene and h-BN lattices
and thus we can conclude that the lattice of graphene follows h-BN crystal due
to the van der Waals coupling.

3.6.5 Transport Measurements

At the next step, by patterning the graphene and depositing electrodes, we fab-
ricate samples for transport measurements. For the sake of comparison and in
addition to a device with directly grown graphene (DG), we have fabricated an-
other sample by a two step transferring method (TG). Graphene in this device
has been grown with similar parameters of the directly grown sample. Trans-
port measurements have been done at 80K and in a similar scheme as what is
described in the previous chapter. Figure 3.10 summarizes our results.
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Figure 3.10: Comparison of the transport properties of a directly grown graphene (DG)
with a device made by transferring similar CVD graphene (TG)

a) Gate dependence of the resistivity of the samples

b) Corresponding conductivity of the samples on the electron side: Dashed lines are fits
to the curves using the midgap states theory described in the main text. Insets to this
figure are the same plot focused at low densities. The vertical and horizontal axes have
the same units as the main panel.

c) and (d) Logarithmic-scale plot of the conductivity of DG and TG samples versus car-
rier densities close to the Dirac point: The arrows show critical densities below which
the conductivity of the samples saturate due to the formation of the electron-hole pud-
dles. Insets to these graphs show the optical micro-graph of the corresponding samples.
d) Comparison of the gate dependence of the field effect mobility (urg) and mean free
path (mfp, inset figure) of the carriers in the DG and TG samples

All the measurements have been done at 8o K.

The main panel of Figure 3.10-a shows the gate dependence of the resistivity
of the samples. The Dirac peaks for both samples are located very close to zero
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The important mod-
els describing the
transport in graphene
including mid-gap
states have been
briefly presented in the
Introduction chapter.
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which is an indication of clean graphene on a neutral h-BN substrates. Trans-
ferred graphene shows quite a sharp peak which is a signature of high mobility
carriers. The curve is quite asymmetric in the electron and hole sides which could
be due to the electrode charging effects[92]. The asymmetry for DG sample is
more pronounced which may be due to the presence of the process residuals on
the sample. While the residual resistance (resistance at the gate voltages very far
from the Dirac point) is quite high for TG sample, it is even higher for the DG
one; this observation together with the presence of the resistivity fluctuations at
high gate voltages points out that both of the samples and especially the DG one
suffer from the high population of the short range crystalline defects. In CVD
graphene such defects can happen during the growth, transferring or fabrication
process. Since both the samples have passed similar fabrication steps, this obser-
vation in the DG sample can be attributed to the formation of the defects during
the growth.

In Figure 3.10-b we compare the conductivity of both samples showing that
the TG sample is more conductive than the DG. There are few models to describe
the scattering near the Dirac point in graphene [32][39] however since the Raman
analysis proves the existence of the crystalline vacancies in our sample and we
see some signatures of them in Figure 3.10-a, we use a model which considers
scattering by the mid-gap states[37]. In this model, strong disorder associated
with the voids are modeled as a deep potential well [37][126]:

2e? k2
o= F (InkpRy)?
h g

Here, while kf is the Fermi wave vector of graphene, ng and Ry refer to the
density and characteristic size of the defects respectively. Black dashed lines in
Figure 3.10-b are the fittings with this model showing that it is successful to
describe our results to a large extent. Table 4 summarizes the results of this
fitting. For the purpose of comparison, predictions for the pristine graphene [37]
are also included in this table:

Table 4: Summary of the results obtained by fitting our data with the mid-gap states
model and comparison with the reported data

o

ng [cm_z] Ro [A]

present work, TG 2.7 x 1012 1.3
present work, DG 4 %1012 1.5

prediction [37] <10"em—2 14

Clearly the size of the defects in our devices is in the atomic range and matches
the predictions. However the defects in our samples are at least one order of
magnitude higher than predicted by the theory, which tends to suppress the
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mobility of the carriers in both our samples. Comparison of the data for TG and
DG devices reveals that the non-direct access to the catalyst during the growth of
the DG sample leads to increasing the population of defects, however the amount
of defects added in proximity growth compared to the normal CVD process is
much lower then the amount that a CVD grown graphene bears compared to the
predictions.

Note that unlike the TG, the graphene of the DG sample was sandwiched and
protected between a PMMA layer and h-BN flake during the transfer, thus extra
vacancies have occurred during the growth. Assuming that these vacancies are
homogeneously spread all over the graphene, the spacing between them is of
the order of 8nm. We will see later (Figure 3.10-e) that at high carer densities,
the mean free path of the electrons in this sample falls below 10nm which is
comparable to the spacing between the defect i.e. the transport of the electrons
are largely affected by the formation of such voids.

The inset of Figure 3.10-b, is the same graph which focuses on the vicinity
of the Dirac point. Here we see that by reducing the density of electrons, the
model fails to follow the experiment; around this area, the charged impurities
close to the graphene sheet makes a random network of 2D electron and hole
puddles which affects the conductivity of the samples. Interestingly, this tran-
sition happens at a higher carrier density for the TG sample. By plotting the
low density regime in a logarithmic-scale plot (Figure 3.10-c and d), one can
see by approaching the Dirac point, the conductivity of both of the samples re-
duces monotonically but saturates after a threshold density (nsq¢, depicted by
arrows there); The saturated conductivity for the samples (0sqtpc ~ 1.0 x %

and osqt1c ~ 1.1 % %) are very close to the universal minimum conductivity
predicted for the graphene [37] which happens below the threshold densities of
Nsat7c ~ 8% 10'%m 2 and ngqtpc ~ 4.5 x 10'%m—2 respectively. The ratio
of the saturation density and the corresponding conductivity nimp o (52) can
give us information about the population of the charged impurities [39]; this im-
plies Nimp 76/Mimp DG ~ 1.6. This number shows the advantage of the utilized
direct growth of the graphene in minimizing the charged impurities. The thick-
nesses of the DG flake is around 40 nm; knowing that the impurities located with
a distance more than ~ 10nm from the graphene have a tiny effect on its con-
ductivity [127], the estimated impurities in DG sample are either located on top
of the graphene or are some impurities in the utilized commercial h-BN flake
which might have migrated close to the surface during the growth.

Now we use the equation purg = o/en to calculate the mobility of the sam-
ples. The results are plotted in Figure 3.10-d; At high carrier densities and while
the conductivity of the DG sample is largely suppressed by vacancies, the mo-
bility of the other sample is several times higher. For the whole density, the
conductivity of the TG sample and this its mobility is higher. However the calcu-
lated mobilities are only valid until outside the conductivity saturation regions
(only along the continuous lines), so while the maximum mobility of TG is some
more than 14,000 cm?/Vs at Ngqt pe, due to the less charged impurities and de-
layed saturation, the mobility of the DG continues to increase and approaches
20,000 cm?/Vs close to its saturation point. This mobility is the highest reported
so far for graphene grown without direct access to the catalyst. With this curve,
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the corresponding mean free path (mfp) of the electrons can be calculated us-
ing the equation: 1 = (h/2e)u\/n/m, the results of which are shown in the inset
of this figure. Like the mobility, early saturation of the conductivity for the DG
accounts for reaching higher meaningful mean free paths for the DG.

3.7 Conclusion and Discussion

Using h-BN buffer layers in between graphene and the substrate is the best
known technique for preserving the ultimate properties of graphene in trans-
port applications of supported samples. However success of this technique is
very much dependent on the cleanliness of the graphene/h-BN interface. Typ-
ical fabrication method of such structures is based on the transferring CVD or
exfoliated graphene on h-BN flakes which have the risk of adding contamination.
This is why directly growing graphene on h-BN is very appealing. Ease of fab-
rication and eliminating any risk for damaging graphene in the fabrication pro-
cess are the other advantages direct growth techniques may have. Furthermore,
in situ grown graphene is expected to follow the crystallographic orientation of
the substrate to some extend, which minimizes the structural uncertainties.

The necessity of the presence of the catalyst materials is an important hin-
drance for developing direct growth methods; by replacing them with h-BN and
even at the expense of very long growth durations, the grown graphene flakes
are reported to be of low quality which diminishes all the advantages of h-BN
layer.

In this chapter, we introduce a novel technique in which the catalyst is present
besides the h-BN; precursor decomposes by reaction with the catalyst and the
resultant carbon atoms migrate on top of the h-BN to form graphene layer; this
is why we call it proximity-driven growth. In this mechanism, high mobility of
carbon on h-BN which is a characteristic of van der Waals mechanism plays an
important role.

Raman analysis on as-grown flakes right after the CVD process clearly confirm
the growth of graphene. Also AFM investigations prove that the surface quality
of the h-BN flake is conserved. Such analysis were also performed after transfer-
ring graphene/h-BN stacks on silicon wafers and compared to normally trans-
ferred graphene. Importantly, our analysis show that the weak van der Waals
interaction is strong enough to align crystallographic orientation of graphene
with h-BN. Also it is noticed that in this technique graphene can grow at the
backside and/or in between the layers of h-BN. This is an important observa-
tion showing the possibility of in-situ fabricating more complex structures like
h-BN/graphene/h-BN sandwiches.

This growth technique minimizes the risk of having unfavorable charge im-
purities close to graphene which reduces its quality at low carrier densities. By
this, remarkably high mobilities are obtained which is the best reported for the
CVD grown graphene without direct access to the catalyst. We also show that
the maximum mobility of such devices may exceed that of normally transferred
graphene/h-BN samples. At high density regime, the transport of the carriers
are highly limited by the vacancies have occurred during the growth. A system-
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atic study is needed to minimize the amount of these defects by fine tuning of
the growth recipe.






Performance of CVD Graphene in
Nano-Electro-Mechanical Systems

4.2 Introduction

Micro- and nano-electro-mechanical systems (MEMS and NEMS) are categories of
devices in which moving objects at the micro- (nano-) scale are coupled to some
electrical component, the latter being used either for excitation, for detection of
motion, or both. This field of research has grown rapidly over the past few years
thanks to fast progress in micro-/nano-fabrication, integration techniques (the
advent of so-called system-on-chip), together with theoretical developments and
computer-aided design and simulation softwares [128].

MEMS and NEMS can be used either at low frequencies i.e. in quasi-static
mode (using for example measuring the variation of capacitance of a membrane
for position detection for pressure sensors, and accelerometers), or in the dy-
namic regime e.g. oscillators. Depending on their application, they might be
composed of complex mechanisms for actuation and detection as well as minia-
turized pumps, motors and so on. When they are used in the dynamic mode,
the displacement can be in the form of mechanical vibrations and devices are
set to work at resonance frequencies of one of their suspended sub-part. These
systems are of great interest not only for the field of fundamental mechanics at
small scales but also for their diverse applications, including force [129], posi-
tion [130] [131] and mass [132] sensing.

Due to their extremely low mass (down to ~ 1021 Kg for carbon nano-tube [133])

high operating frequencies up to several gigahertz are expected in nano-scale
devices. Also high surface to volume ratios and low fabrication costs are the
important properties of the nano-/micro- scale electro-mechanical devices.

NEMS using graphene membrane as their moving parts is the topic of the
research reported in this chapter. Such devices are used in the dynamic and
vibrational modes; so throughout this chapter and by using the term NEMS, we
will refer to nano-electromechanical resonators.

It is not clear what was the first NEMS device, however one can consider the
invention of the atomic force microcopy (AFM)[134] as being one of the first
revolutions in the NEMS world. This was done by Gerd Binnig and Heinrich
Rohrer from IBM Research center in Zurich in the early 1980’s; because of which
they were awarded the 1986 Nobel Prize in Physics [135]. A later work in 2000
from IBM [136] is another important example of NEMS: a packed array of 32 by
32 (1024) cantilevers can heat/sense a deformable substrate in order to function
as a memory device. Figure 4.1 shows SEM images of this array.
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Figure 4.1: SEM images of one of the first NEMS devices
a) A compact array of the cantilevers made for thermal data storage
b) Focused image on one of the cantilevers

Writing about the fabrication techniques for NEMS devices, like in other micro-
/nano-fabrication schemes, top-down and bottom-up approaches can be found: the
top-down concerns the traditionally used micro-fabrication methods like optical
and electron beam lithographies which involves device fabrication by reduction
of the size of bulk materials. Devices made by these techniques are mainly lim-
ited by the resolution of the micro-fabrication techniques. In the bottom-up ap-
proach, the final material (device) is synthesized from corresponding atomic or
molecular species through some chemical reactions which allow for the precur-
sor particles to grow in size. This technique allows fabrication of much smaller
structures compared to the top-down approach; also the final devices are typi-
cally cleaner in this technique since little fabrication residuals are normally left.
Fabrication by a combination of these approaches is also conceivable.

Carbon-based devices possess unique mechanical and electrical properties
(will be addressed in the next section) which make them ideal materials for
NEMS in diverged applications. Furthermore, graphene and CNT integrated
devices can be fabricated in clean bottom-up approaches and thus very high
mechanical performance is expected.

In this chapter,focus will be on the fabrication along with room- and low-
temperature performance of graphene based nano-electro-mechanical systems.
Some works have been reported in this area using exfoliated graphene as the os-
cillating membrane [137][138][139], however only a couple of reports[140][141]
discuss about the performance of membranes based on chemically grown graphene
which provide the outstanding advantage of integration and mass production of
such devices.

This chapter starts by briefly describing the important advantages of graphene
to be integrated in NEMS. In the next section, the basic physics of the mechani-
cal resonators will be discussed. Topics like natural resonance frequency, quality
factor and damping will be covered there. In order to excite a mechanical res-
onator and to detect its motion, certain schemes should be employed which are
the topic of the next section. Following a review of the important reports in this
area, we will describe the fabrication process for making a large array of devices.
In this context, an improved recipe to preserve the quality of graphene during
the fabrication also will be introduced. The data and results obtained at room
and low temperatures will be described in the "Measurements” section. Based
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on the data acquired at low temperature, the coefficent of thermal expansion of
graphene can be estimated.

4.3 Application of Graphene for NEMS

Carbon-based materials including graphene are among the most promising ma-
terials for NEMS applications. Their outstanding mechanical properties (includ-
ing their very high Young’s modulus [15]) are important issues not only for the
stability of NEMS but also to improve their efficiency and operation frequency.
In graphene and CNTs, this property comes together with ultra low mass (in
the order of ~ 1072" Kg for CNT [133]). Due to this combination, very high nat-
ural resonance frequencies are expected. Furthermore, graphene can withstand
strains up to ~ 25% which is ultrahigh compared to other materials. Considering
the electrical properties, gate tunable carrier density in graphene is another im-
portant characteristics which makes graphene based NEMS capable to be func-
tionalized as transistors[142]. It should be noted that some effective detection
schemes [143] are developed for graphene based on this property and thus are
not applicable for other materials that lack gate tunability. Besides, the extremely
high surface-to-volume ratio of graphene [137] makes such devices capable to be
used as sensors. Also because of this property, one can think about adding more
functionalities in graphene-based NEMS by coupling them with other material-
s/molecules with diverse properties [144].

4.4 The Basics of Mechanical Vibrations

Simple harmonic oscillator is a model system to study the physics of mechanical
resonators. In this section, the main principles and properties of this system will
be reviewed.

4.4.1 Free and Forced Oscillations

Consider a model system composed of an object with mass m, connected to a
spring with a constant k, as is illustrated on the left side of the Figure 4.2-a. The
system is initially in the equilibrium condition meaning the weight of the object
(gravity force) is in balanced with the initial stretching of the spring. Now the
question is how does the object move if one displace it with a small distance
dx from its equilibrium position (right side of the Figure 4.2-a) and release it?.
The only unbalanced force acting on the object is the force from the spring, so
Newton’s second law for the motion reads: F = mX = —kx = mX or equivalently:

mX +kx = 0. (20)

This relation is referred to as the equation of the motion of the freely oscillating
object; it is obtained considering the force generated by the spring that follows
Hooke’s law which is always opposite to the direction of the motion. Here X =
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d?x/dt? is the second derivative of the motion with respect to time. Solving this
differential equation, one will end up with:

x(t) = dxcos (wnt), wn = vk/m. (21)

wn, obtained here is the natural frequency of the system. This relation means that
in such a system, after a small displacement of the object from its natural posi-
tion, it will oscillate around the equilibrium position with the natural frequency
of the system and constant amplitude in time. The system described here is the
ideal system in which the effect of the damping which is the effect of losing the
energy (amplitude of the oscillation) of the system is neglected. In normal appli-
cations, damping is modeled as proportional to the velocity of the system with a
damping coefficient c. So a more realistic equation of the motion and its solution
reads:

mX + cx + kx =0 = x(t) = dxe” ““r’cos(wqt), (22)

with ¢ = 5 \/CnTk and wg = wny/1—C?. So presence of the damping not only
affects the amplitude of the oscillations, but also it reduces the frequency of
the free oscillations. This equation is obtained assuming %(t = 0) = 0 and is
interesting for our purpose when 0 < ¢ < 1 which is referred to as the under-
damping case. Figure 4.2-c shows the solution of Equation 21 and Equation 22
with no damping (¢ = 0) and for the cases { = 0.01 and ¢ = 0.1. The cases ¢ =1
and ¢ > 1 are called critical damping and over damping respectively, in the later
case the object returns to the equilibrium position without any oscillation.

So far we considered the free oscillation of the system in which a small displace-
ment of the objects from the equilibrium position excites the vibrations of the
system. In application, all the vibrating systems has a degree of damping, mean-
ing that the amplitude of the vibration approaches to zero in relatively long
periods. The other mode of exciting a vibrating system is called force oscillation
in which an external periodic force is applied to the object and force it to vibrate.
This method is illustrated in Figure 4.2-b.

The equation of the motion in the presence of the damping mechanism can be
obtained in the similar way as above:

mX + cx + kx = fp cos(wt), (23)

where w and fy are the frequency and amplitude of the periodic external force.
The steady-state solution of this equation reads:

x = xgcos(wt —¢), (24)

with

fo/k on
o/ and ¢ = tan™! 1if$)2' (25)

2 2 wn
V- ()
Interestingly, the maximum amplitude of oscillations (x¢) in this case depends on
the ratio of >-. Also the presence of the damping leads to the phase difference

X0 =
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¢ between the external force and displacement. In Figure 4.2-d, x¢ is plotted as a
function of the w for few values of damping (C). In all the cases, x¢ is the highest
when w approaches the natural frequency of the system (wy,). For the case { =0,
X0 — 00 as w — wy. For more realistic cases when ( has finite values, increasing
the damping attenuates the value of the xo. We can see the interesting behavior
of ¢ versus w in part e. For the case ¢ = 0 and starting from w = 0, the object
follows the oscillation of the force with no phase difference meaning that the
motion of the object is in the same direction of the force; however once w exceeds
the natural frequency, the motion of the object becomes in the opposite direction
of the force as is indicated by the 7t shift in ¢. In the presence of damping,
the general behavior is almost the same except the phase shift happens more
smoothly.
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Figure 4.2: Free and forced oscillation in a spring-mass system

a) Free oscillation: The object with mass m connected to a spring with constant k is ini-
tially in a equilibrium state (left side). By moving the object from its position by dx and
releasing, it starts to oscillate about the equilibrium position in its natural resonance
frequency wy, and amplitude dx.

b) Forced oscillation: By applying an external oscillating force following f =
focos(wt) one can push the object to oscillate in the frequency w and with the am-
plitude and phase given by Equation 25.

c) Plot of the motion of the object in the free oscillation mode (results of the Equa-

tion 22): Increasing the damping in the system () attenuates the motion. The curves
are plotted with the value wy, /27t = 1. The dotted lines show +6x e~ @nt,

d) and (e) Amplitude and phase behavior of the oscillator as a function of the deriving
frequency (w) in the forced vibration case: The curves are plots of the Equation 25 for

different levels of damping (C).

4.4.2 Quality Factor

The concept of damping in an oscillating systems was introduced in the previous
section. Viscous drag by the atmosphere enclosing the system is an example of
such damping mechanisms. Here the parameter quality factor (or Q-factor) is used
to describe the rate of the energy loss in comparison with the total energy of the
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resonator: the higher the quality factor, the lower the rate of energy dissipation.
It is defined as:

Q = 2 total energy of the system _ wn l (26)
B dissipated energy per cycle T Aw 20

The last part of this equation is valid for relatively high Q-factors[145]. Here Aw
is the bandwidth in which the power of the vibration is more than the power at
the resonance condition; this is equal to the full width at half maximum of the
peaks in Figure 4.2-d for the forced oscillation case. For freely oscillating objects
Q can be calculated as the number of the cycles the resonator moves back and
forth until its energy decreases by a factor of e[146].

4.4.3 NEMS, Free or Forced Oscillations?

Almost all the NEMS experiments reported so far have been performed in the
forced oscillations mode where an actuation scheme is employed to apply oscil-
lating external driving forces with the frequency w. A set up is used to probe
the amplitude of the vibration simultaneously. Starting the measurement, w is
swept in a window in which wy, is expected to be as shown in Figure 4.2-d.

This common technique is very difficult to apply to systems with high quality
factors in which the resonance peaks are very sharp i.e. very high sampling rates
are necessary to capture the resonance state. In contrary, the system of a high
quality factor can run for very long time in the free oscillation mode before
attenuation and the resonance frequency can be readily extracted based on the
modulation of the amplitude (Figure 4.2-c). All these confirm that for the devices
with high quality factors, free oscillation mode can be a better choice than the
forced oscillation to probe the nature of the system and more effort should be
invested in this field in the future.

4.5 Techniques for NEMS Driving and Reading-Out

In this section, the most important schemes which are used to drive the nano-
electro-mechanical systems and to probe the motion of their vibrating elements
are introduced and discussed very briefly. The technique which is used in our
experiments is also presented here in more detail.

4.5.1 Actuation Techniques

A series of methods can be used to excite nano- (micro-) mechanical resonators;
In each case, based on the physical relations, an oscillating force is applied and
makes the active part of the system vibrate. The most important actuation mech-
anisms used for the MEMS and NEMS are reviewed in in this section.

4.5.1.1 Photo-Thermal Methods

In this technique, an AC modulated laser beam is focused to heat up the oscillat-
ing system. As a consequence, an oscillating stress is produced in the materials
forcing it to vibrate. An important advantage of this method is that there is no
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need for electrical connections, which is ideal for testing small isolated structures
such as graphene flakes. This not only facilitates the fabrication, but also makes
it applicable for both conducting and non-conducting membranes. The thermal
conductivity of the system plays an important role in the effectiveness of this
scheme. By shrinking the size, this technique becomes less efficient. Also due
to the production of heat, it is not usable at low temperature measurements. A
schematic representation of this technique which is developed and patented by
Ilic, Aubin and coworkers [147][148] is illustrated in Figure 4.3-a.

4.5.1.2 Magnetomotive Actuation

This actuation technique is based on the Lorentz force generated in a oscillating
membrane: In the presence of a constant magnetic field B perpendicular to the
plane of the vibration, an AC current I is biased through the doubly clamped
beam. Consequently an oscillating Lorentz force F = IBL is induced perpendicu-
larly to the field and to the beam. This technique was first developed by Cleland
et al[149] in 1996 who successfully measured with silicon-based mechanical res-
onators (Figure 4.3-b). It requires relatively high magnetic fields and significant
driving current to operate which can be sometimes incompatible with the envi-
sioned measurements e.g. in superconductive membranes.
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Figure 4.3: Schematic representations of the photo-thermal and magnetomotive actua-
tion techniques

a) Laser heating derive for micro-mechanical systems: Modulating laser power pointed
close to the cantilever makes it vibrate. The other laser beam (HeNe) pointed on the free
end of the cantilever is used to monitor its motion. The signal collected at the single-
cell photo-detector (PD) is passed to the spectrum analyzer which controls the driving
electro-optic modulator (EOM). The figure is made by inspiration from [148].

b) Magnetomouvite actuation set up: Lorentz force created in the beam due to the pass-
ing of ac current in the presence of the magnetic filed, drives the beam in a plane per-
pendicular to the direction of the field. Figure is made with inspiration from[150].

4.5.1.3 Electrostatic Actuation

This actuation mechanism is one of the most popular methods in NEMS. Here
an AC voltage with tunable frequency is applied to the conducting membrane
which is of capacitance C with respect to the substrate; the electrostatic oscillat-
ing force is generated in this way tending to actuate the oscillator at twice the
voltage frequency. This technique is normally used together with the frequency
and amplitude modulation detection methods which is described in detail in
Section 4.5.3.

4.5.1.4 Piezoelectric actuation

Finally, there exists a way to excite motion in a micro-/nano-system using a
piezoelectric effect. Piezoelectricity is a fundamental phenomenon which occurs
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in a certain class of material in which stress can result from an applied elec-
tric field. A piezoelectric layer can be deposited either on the moving part of
the MEMS/NEMS or in its vicinity. Alternatively the entire chip on which the
oscillator is fabricated can be deposited on a macroscopic piezoactuator which
excites the vibration by indirect mechanical coupling. These are very convenient
for on-chip low frequency excitation but fail to operate above a few tens of MHz
due to the self-resonance of the crystal.

4.5.2 Detection Techniques

Once a mechanical system is actuated, a set up is needed to monitor its vibration.
A brief review of the already developed detection techniques are presented here.

4.5.2.1 Optical Methods

There are at least two approaches in using optical techniques in detection of the
motion of resonators: The first approach is the same technique as what is used in
atomic force microscopy to detect the motion of the oscillating cantilever. A laser
beam is focused on the cantilever and reflects back to a position-sensitive detector
(PSD); its output signal reveals information about the angular displacement of
the cantilever. Figure 4.4-a shows how this technique is applied in an AFM.

The other approach which is revealed in Figure 4.4-b works based on the inter-
ferometry principle: here the monochromatic laser beam can interfere with itself
in the optical cavity made in between a semitransparent oscillator and a sub-
strate. The produced fringes can be used to detect the motion of the cantilever.

The optical methods are best applicable in micro-scale devices. In the case of
nanometer-scale oscillators, the size of membrane can be comparable with the
size of the laser spot which reduces the sensitivity of the measurement; however
it has already been utilized successfully in nano-resonators[151][152]. As an in-
teresting effort, this technique was combined with the Raman spectroscopy to
detect the motion and stress in graphite resonators simultaneously [153].
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Figure 4.4: Optical detection methods

a) Basics of the laser detection scheme used in atomic force microscopy: Captured signal
in the photodiod contains information about the angular deflection of the cantilever. The
figure is adopted from [135].

b) Optical technique to probe the motion and stress simultaneously in the graphene
resonators: figure is reprinted from [153].

4.5.2.2 Magnetomotive Detection

In the basic set up (Figure 4.5-a), a doubly clamped beam is assembled as a
part of a conducting loop and exposed to magnetic field perpendicular to the
plane of the vibration. By oscillation of the beam, the magnetic flux enclosed by
the loop varies which accounts for the creation of the electromotive force (EMF)
across the beam. The resultant signal contains information about the resonance
state. This technique has been developed and employed for a long time in several
systems [154][149].

In an interesting effort, Etaki et al[155] embedded such a resonator into a
SQUID loop; so vibration of the oscillating element changes the active area of the
loop exposed to in-plane magnetic field which is detectable as a signal across the
SQUID. A similar work has been done using carbon nanotubes which compose
the weak links of a SQUID [156]. These schemes are shown in Figure 4.5-b and c.

For another approach in this category, one can refer to the work done by
Usenko et al[157] (Figure 4.5-d). Unlike the previous examples, the resonator
is in the cantilever shape rather than a doubly clamped beam. A magnetized
particle is attached to the end of the resonator; the resultant alternating mag-
netic flux due to the oscillation of the cantilever is detected through the nearby
detection coil coupled to a SQUID.
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Figure 4.5: Magnetomotive detection techniques

a) Basics of the Magnetomotive detection: Electromotive force generated due to the
crossing of the magnetic flux in the oscillating beam can be used to monitor the motion
of the resonator. Figure is made with inspiration from [149].

b) A resonator assembled as a part of the SQUID loop: Upon the motion of the res-
onator, the effective area and hence the signal detected in the Nb-based dc-SQUID
exposed to an in-plane magnetic field varies in time which is used to detect the motion
of the resonator. Shown by R and ] are the resonator and Josephson junctions. The
figure is adopted from [155].

c) Similar technique as (b) to detect the motion of carbon nanotubes: The weak links are
made up by a single CNT in this configuration. Schematic representation of the system
is shown at the bottom part. Figure is adopted from [156].

d) Application of the magnetomotive detection in cantilever resonator: Motion of the
silicon resonator with a magnetic sphere attached to its end is detected by using the
electronics demonstrated in the circuit diagram. Figure is adopted from [157].
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e

4.5.3 Capacitive Detection

In nano-electro-mechanical systems, charged metallic membranes are normally
capacitively coupled to the substrate. Due to the oscillation of the membrane,
this capacitance varies in time which can be used to detect the motion. We note
that in order to be able to use this scheme, the signal should be large enough
which is not always the case in nano-scale systems: Normally besides this ca-
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pacitance which is sensitive to the motion of the membrane and scales with the
area of the membrane, there are some sources of parasitic capacitance which
are constant and not dependent on the motion; for example the constant capac-
itance between the macroscopic scale electrodes and substrate could be several
orders of magnitude larger than the motion sensitive capacitance between the
membrane and substrate which reduces the sensitivity of the measurement. Fur-
thermore such parasitic capacitance defines an upper band for the frequency of
the current biased to the membrane: solid-state devices like graphene often have
a high impedance (> 50 Q) which can be seen as a low-pass filter when it comes
together with this unavoidable stray capacitance; the resultant cut-off frequency
(=1/RC) is much lower than the mechanical resonance frequency of the system.
These are two important challenges in the application of the electrical detection
methods. Using local gates is a trick to improve the signal to noise ratio and to
increase the cut-of frequency in micro-scale resonators [158][159] which makes it
possible to measure the resonance signal directly by using a network analyzer;
this improves drastically the measurement speed. However this technique is not
easily applicable when the length of the device shrinks to nano-scale because
of the difficulties in the fabrication process. Techniques based on mixing signals
is another option to mitigate the effects associated to the parasitic capacitance.
Heterodyne mixing and frequency modulation are two successful examples of signal
mixing schemes which have been employed in MEMS and NEMS so-far. In both
techniques the signal associated to the oscillations of the membrane (in the MHz
range) is mixed with another signal, the frequency of which is selected in a man-
ner that there is a component in the output with very low frequency which lays
in the band-pass window.

4.5.3.1 Heterodyne Mixing

This technique was first developed by Sazonova et al [160] on carbon nanotube
resonators in which a fully electrical and combined actuation and detection
scheme is employed based on the signal mixing. Materials like carbon nanotubes
and graphene which show a non-linear conductance property are the best candi-
dates for this technique. Later it was used by Chan et al [138], Singh et al [58] and
Van der Zande et al [140] for graphene based NEMS devices. Figure 4.6-a shows
a circuit diagram of this technique. The heterodyne mixing method which is
referred to as amplitude modulation technique, takes the advantages of the gate
dependent conductance of graphene to detect its motion while it is driven elec-
trostatically (Section 4.5.1.3) by applying an RF voltage to the backgate. A sum
of the AC and DC voltage components needs to be applied as the gate voltage:
Vg = V@< + V.

The AC component tends to modulate the conductivity of the graphene mem-
brane: G = G(w) because of the small modulations of the carriers 6qe1 = Cg Vg’
(purely electrical effect) and also because of the modulation of the capacitance
while oscillating the membrane: §Cg4(w) = C é z(w) (electro-mechanical effect).
The nonlinear conductance of graphene tends to amplify both effects.
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Here Cg is the capaci-
tance between the gate
and the membrane,
and Cg shows the
spatial derivative of the
capacitance.
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Besides the RF voltage to the gate, the sample also is biased with an AC voltage
(V& @) with a frequency set slightly different from w by dw. So the drain-
source current equals to:

Las = Glw) Vg e, (27)

The product of the two terms in the right side of Equation 27 has two compo-
nents in (w + dw) + (w) = 2w + dw as well as in (w + dw) — (w) = dw frequen-
cies; both containing information about the resonance of the membrane. The
signal in dw frequency is very easy to detect using the lock-in which reveals the
amplitude of the motion.

50Q membrane

" measured signal

baék gate

1 %50 a Heterodyne Mixing
(b) )
FM out merpbrane in
S D

Frequency Modulation

ba\ck gate

Figure 4.6: Schematic representation of the frequency mixing techniques

a) Heterodyne mixing: AC voltages with a small frequency difference of dw are applied
to the gate and source electrodes. As a result, a signal with a component in dw which
carries the information about the amplitude of the vibration of the membrane exits the
drain electrode.

b) Frequency modulation: The low-frequency output of the lock-in is modulated with
the high frequency signal in the RF source and is fed through the source electrode. Gate
dependent conductance of the resonator leads to de-modulation of the signal with a
component in frequency of the lock-in and with the information about the resonance of
the membrane. Figure is made with inspiration from [143].
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4.5.3.2 Frequency Modulation

This is another method which was first developed and employed on nanotubes
by Gouttenoire et al[143]. A schematic representation of its circuit diagram is
shown in Figure 4.6-b. Lock-in provides a low frequency signal wi on the order
of kHz which is fed to the RF-signal generator as an external source. The device
modulates this frequency with a carrier frequency (w.) in the MHz range; then
the output is of the form:

Vim = Vosin [wet + fasin (wrt)], (28)

where Vj is the drive amplitude of the resonator and fa corresponds to the
amplitude of the modulation which is in the order of tens of kHz. This signal
is demodulated passing through the membrane with a component in the form
of [161]:

1dG

dRe (z* (w¢))
2dq  dwe

doo. facos (wrt), (29)

Irm = Cé|vg|
here z* (w.) shows the complex amplitude of the motion with a real part de-
noted by Re (z* (w¢)).

Unlike the output signal in the amplitude modulation technique, there is no
background component due to pure electrical mixing in this equation. This re-
markably improves sensitivity of the technique. The current which is detected
by the lock-in is in the form [143]:

2

2
2we (02— wi — ) (02— wi+ )
2 2
2
[(w%w%) +<—w"Q‘°C) ]

Frequency modulation is the technique which we have used in the present work.

Flwe) =

(30)

4.6 Review of the Important Reports in the Field

If we consider the invention of the atomic force microscope in 1986[134] as
one of the first milestones in this field, we can conclude that NEMS has a his-
tory of around 30 years or more. Throughout this relatively long period, differ-
ent materials have been used as oscillators in these devices which include sili-
con [162][152][163], diamond [164][165], platinum [166], gallium nitride [167][168],
rhodium [163], carbon nanotubes [160][169][170], etc. The isolation of mono- and
few layer thick graphene in 2004 [28] is considered as an important event in the
history of NEMS considering outstanding mechanical properties of graphene in
such applications. In this section, we will review the important works in the field
of graphene based nano-electro-mechanical systems. Table 5 also summarizes the
techniques and achievements in these works.

The first graphene based nano-electro-mechanical device was fabricated and
tested in the McEuen group at Cornell university in 2007 [137]. Their technique of
fabrication includes mechanical exfoliation of graphene on pre-defined trenches
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in silicon oxide wafer. Both optical and electrostatic schemes are employed to
actuate the devices and the optical interferometry technique is used to read-out
the oscillations. They probed several samples with different thicknesses ranging
from monolayer graphene to 50nm graphite; A quality factor of 1800 is the high-
est they reported at 50K. Figure 4.7-a and b show examples of the devices they
have made.

One year after, the Bachtold group in Barcelona reported the second work in
graphene based NEMS [139]. They used a similar technique as the former work
for the fabrication and the electrostatic method for actuation of the devices; how-
ever their detection method is very different: They directly map the shape of the
resonance eigenmodes using a scanning force microscope (SFM). The principle is
schematically illustrated in Figure 4.7-c. This technique enabled them to image
the mode of the vibration (Figure 4.7-d) which is not possible in the other detec-
tion techniques. In half of their samples they observe new unusual eigenmodes
which is not predicted in the elastic beam theory. Modeling by finite element
methods shows that such eigenmodes are generated because of the high amount
of the non-uniform stress which is residual of the fabrication process.

The next important work was done in the Hone group at Columbia Univer-
sity [138](Figure 4.7-e and f). They successfully fabricated such devices by me-
chanical exfoliation of graphene layers on silicon wafer and then underetching.
Heterodyne mixing was used for the electrical actuation and reading-out the de-
vices. Their resonators show a quality factor as high as 10% at 5K. Such high
quality samples enable them to probe the response of graphene NEMS to vari-
ations in temperature and mass. The estimated mass sensitivity of their device
is around 2 zepto grams (102! gr). A preliminary study about the non-linearity
effects in the graphene membranes is included in this report. The coefficient
of thermal expansion of graphene is another parameter studied there and they
obtained the value of x = —7.4 x 107K~ between 250K and 295 K.
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Figure 4.7: Early reports on graphene based nano-electro-mechanical systems

a) and (b): Data from the first report in this area[137]: SEM and optical micro-graphs
of two of the devices are shown in (a) and (b-left). Raman data show the thickness of
the graphene piece is not the same in the suspended and supported regions. Spectra
correspond to the spots marked with the circles of the same color in the optical image.
c) and (d) Measurement technique results reported in[139]: c) A scanning force mi-
croscope cantilever is utilized to probe the resonance. The high-frequency voltage
connected to the gate is matched to the resonance frequency of the graphene. Motion
of the membrane probed by the tip is illustrated at the bottom part. d) Topography of
the device and shape of the eigenmode as measured and simulated are presented in the
panels from the top to the bottom.

e) and (f) examples of the data reported in [138]: e) Dispersion of the resonance fre-
quency as a function of the gate voltage at different temperatures is one of the aspects
addressed in this paper. f) Quality factor as a function of the temperature in graphene
NEMS is plotted for the first time. Inset shows a resonance peak with high Q factor
measured at 5 K.

All the figures are reprinted with adoptions.
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The next important report in this field belongs to an Indian group led by M.
Deshmukh [58] which was reported in 2010 and shown in Figure 4.8-a and b.
They mainly focused on the effect of the temperature and gate voltage on the
resonance properties of the samples. Precise models to estimate the resonance
frequency and tension in the membrane as a function of the gate voltage and
temperature are proposed. Such modeling and low temperature measurement
enabled them to probe the coefficient of the thermal expansion of graphene down
to very low temperatures. We will use the models developed by them as well as
their results in our calculations (Section 4.8).

Later in 2010, the first report of NEMS obtained with CVD graphene came
from Cornell[140] in 2010. Using CVD graphene, they fabricated and tested
a large array of suspended, single-layer graphene resonators. They made de-
vices in the doubly clamped form as well as square membranes clamped on all
sides. Both underetching and transferring on the pre-patterned substrates tech-
niques were employed to fabricate these devices. As a consequence of using
CVD graphene, in each fabrication run, they produced hundreds to hundreds
of thousands of graphene membranes. They not only show the possibility of us-
ing CVD graphene for making single layer graphene resonators; but also they
claim that their devices were of the similar electronic and mechanical properties
of exfoliated graphene devices. We note that their membranes clamped on all
sides show higher resonance performance then the doubly-clamped ones. The
fabricated samples and results are reported in Figure 4.8-c, d and e.
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Figure 4.8: Selection from the data published in [58] (a-b) and [140] (c to e) which are
among the pioneer works in the graphene based NEMS

a) Evolution of the resonance frequency as a function of the temperature of such devices
is mapped and revealed for the first time in [58]. They have done modal analysis with
the results of the sample showing 3 different vibration modes (b-I). The results of the fit-
ting with the theories they have developed and schematic representation of two different
modes are shown in (b-1I).

C) SEM (c-1 and -1I) and optical microscope images appeared in [140] showing that
they managed to fabricate large arrays of suspended CVD graphene samples. Dashed
rectangles in each image indicate sizes of the areas in previous images. Quality factor
as a function of the resonance frequency of their devices measured at room temperature
is shown in (d). Plotting the resonance frequency as a function of the device length (e)
shows that increasing the device length leads to reduction in the resonance frequency.
All the figures are reprinted with adoptions.

The highest quality graphene based nano-electro-mechanical samples reported
so far occurred in 2011 by the Bachtold group [133]. However the main objective
of their work is to study the damping of mechanical resonators; they have per-
formed this study on both graphene and carbon nanotubes. In both systems,
they found that damping is largely affected by the amplitude of the motion:
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dampingoc x?x (x: position); this is opposite to the case of large samples in which
damping is normally proportional to x with a constant coefficient (it is reviewed
in Section 4.4.1). Underetching the exfoliated graphene and frequency modula-
tion are the techniques they have chosen for the fabrication and measurement of
their devices. Figure 4.9-a and b show selection of there results.

Before this project started in our group, there were some attempts to make
graphene based NEMS devices by Adrien Allain[91]. The goal was to induce su-
perconductivity into suspended graphene by decorating its surface with super-
conducting tin clusters. Even though this goal was not reached because of the
complexity of the system, however interesting results were obtained with nor-
mal state devices at room and intermediate temperatures. Exfoliated graphene
suspended by underetching is used in these experiments (Figure 4.9-c and d).

156.108 156.112 156.116
f (MHz)

(d)

49 50 51
f (MHz)

Figure 4.9: Selection from the data published in[133] (a and b) and an early work in
our group [91] (c and d)

a) SEM images of examples of the graphene and carbon nanotube devices. Scale bars
corresponds to 500 nm. The graphene sample under strain shows very high quality
factor in (D).

c) SEM image of the devices made in our group before the present work: The borders
curled up in the closer device indicate that the graphene is under stress. The other de-
vice is collapsed. The lengths of the membranes are in the order of 2 um. d) Example of
the resonance peak showing quality factor of 174.
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Table 5: Summary of the techniques and results reported in the important graphene

based NEMS papers so far
group graphene fabrication measurement  highest Q
McEuen [137] exfoliated exfoliation on optical and 1800 at
mono- and pre-defined electrostatic 50K
few layer trenches actuation,
optical detection
Bachtold [139] exfoliated exfoliation on electrostatic 20-30 at
few layer pre-defined actuation, 300K
trenches scanning force
microscope
detection
Hone [138] exfoliated exfoliation heterodyne 14,000 at
monolayer and under mixing 5K
etching
Deshmukh [58] exfoliated exfoliation heterodyne ~A23000 at
monolayer and under mixing <10K
etching
McEuen [140] CVD mono- transferring optical actua- 9000 at g K
layer on pre- tion/detection
defined and hetero-
trenches and dyne mixing
under etching
Bachtold [133] exfoliated exfoliation frequency 10° at
monolayer and under modulation gomK
etching
Bouchiat[91] exfoliated exfoliation frequency 174 at
monolayer and under modulation 300K
etching

4.7 Fabrication Technique

The important reports in the field of graphene based nano-electro-mechanical
systems have been reviewed in the last section. There are two approaches in
making such samples: either deposition of the graphene flakes on a flat substrate
and then underetching to make them suspended or by depositing graphene on
pre-defined trenches. We have chosen the first technique for making our samples
with gold electrodes. The fabrication procedure for making this kind of samples
is reviewed in this section.
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This PMMA layer
has been used for
supporting graphene
while etching the
copper foil in the wet
transferring method.
For more information
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Figure 4.10: Standard fabrication
process for making CVD graphene e/IQCtTOdfi
based NEMS (b)
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(a). Electrodes are deposited after a

lithography and development step

(b). By underetching the ribbon and (¢ suspended graphene

with the help of the critical point

drier, the samples are ready for mea- —_—
surements (c). | )

In this way, after a brief review of the normal fabrication process, the im-
proved fabrication recipe which we have developed to preserve the quality of
the graphene will be introduced.

4.7.1 Standard Fabrication Recipe for Under-Etched Graphene
Devices

The standard fabrication process of making such samples can be describe in 3
steps which are illustrated in Figure 4.10: At the first step, CVD graphene is trans-
ferred on to a typical silicon wafer in a well known wet transferring method [88].
Then the PMMA is removed and instead, a layer of UV sensitive resist like UVIII
is spun on it. Subsequently, by using deep-UV lithography followed by an oxy-
gen plasma step, graphene is patterned into the strips of few micrometer width
and several hundreds of microns length.

At the next step, electrode materials are deposited on the ribbon. To do so, first
the old UVIII is stripped away and is replaced by a new one to cover the whole
surface of the sample. Then by doing another step of deep-UV lithography the
sample is ready for electrode deposition. Since the whole sample including the
electrodes are going to be treated with HF acid at the following step, only some
certain metals which are resistant to HF can be used as electrode materials. Like
similar reports [58][91], we use chromium and gold for this purpose. The process
of electrode deposition is done by lifting-off the excessive metal and removing
the the resist using acetone.

Now series of graphene devices connected to electrodes and lying on the wafer
are fabricated. At the next step, by etching and removing a thin layer at the
surface of the wafer, one can make the samples suspended. For that, HF bath
which is known to remove silicon without affecting graphene too much, is used.
The etching rate is estimated to be around 2.25nm/s and by dipping the sample
into the bath for 60 s, we normally end up with 135 nm underetching. The process
stops by rinsing the sample in DI water.
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4.7.2 Improved Fabrication Recipe

The standard recipe for making underetched graphene membranes are reviewed
in the previous section. During the fabrication process and before underetching
the graphene, it is needed to spin PMMA and UVIII resists on the surface of the
graphene and remove it at the next step for 3 times. This is an important draw-
back of this recipe since the process of spinning and stripping the resists may
damage the graphene. Also contaminating the surface of graphene is likely to
happen. Furthermore the microdeveloper which is very destructive and damag-
ing for graphene, is used two times for developing the UVIII while it is in direct
contact with graphene. Considering these limitations, we have developed a new
recipe in which the PMMA that is initially used for transferring graphene is kept
throughout the whole processes to the end. Thus not only the risk of damaging
the graphene exposed to different chemicals is minimized, but also the PMMA
layer covering the graphene prevents any contamination to be deposited on the
graphene.

The process flow of this recipe is illustrated in Figure 4.11. We start by transfer-
ring graphene together with PMMA on a wafer (I). Deep-UV light and suitable
masks are used to expose PMMA and pattern it into strips. The development and
removing of the exposed PMMA is done with a MIBK solution. At the end of this
step, the surface of the graphene is covered with graphene and patterned PMMA
(I). Then exposing the sample into oxygen plasma etches away unprotected area
of the graphene (III), patterning it into stripes. Now it is needed to pattern and
deposit electrodes. To do that, without removing the PMMA, we spin LOR3A
and UVIII resists on the sample (IV). An appropriate mask is used to expose the
covering UVIII layer in DUV machine. By developing it using micro-developer or
MF26A solutions both the UVIII and LOR3A layers are patterned into the shapes
of electrodes (V). However one cannot deposit metal at this step because the sur-
face of the graphene stripe is still covered with PMMA. So we expose the sample
to DUV light with high enough dose. Already patterned UVIII and LOR3A lay-
ers can work as a mask to block the DUV light and only the unprotected areas
of the PMMA are activated. UVIII by itself is not able to do this effectively and
thus LOR3A is used too. By developing and removing exposed PMMA using
MIBK, the sample is ready for metallization (VI). Chromium and gold electrodes
with the total thickness of around 7onm are deposited at step VII. For the lift-off,
we use microdeveloper to remove the UVIII and LOR3A layers together with the
excessive metallic parts; this is necessary since the underlying PMMA protects
graphene of re-deposition of the metal. The process is finished by removing the
PMMA and cleaning the graphene using acetone (VIII).
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Even though PMMA
is considered as an
e-beam resist, but

it is sensitive to the
deep-UV light also;
consequently with
long enough exposure
time, one can expose
it like other deep-UV
resists. Depending on
the intensity of the
deep-UV machine,
the exposure may last
between 30 minutes up
to several hours.
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We have reviewed the
fabrication procedure
as well as the achieve-
ments of this work
before in Section 4.6
and Figure 4.8.
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Figure 4.11: Process flow of the recipe developed for preserving the quality of the
graphene

Different fabrication steps are demonstrated schematically in the left side and described
in the text. Right: Optical micrographs taken at the steps V through VIII

Using this recipe and taking the advantages of deep UV lithography for mass
production, we manage to fabricate a huge amount of the suspended devices in
a single run. Figure Figure 4.12-a shows a cell of 18 suspended membranes. Each
device can be electrically addressed separately using the gold electrodes at both
sides. A focused SEM image on one of the devices is also shown in this figure.
The borders of the membrane are curled up due to the residual fabrication stress.
For the sake of comparison, we put the SEM images of similar samples reported
in the earlier work with CVD graphene [140]. The graphene in their technique
is patterned and transferred on the predefined trenches and thus there is no
electrode. The average quality of the final membranes in this work is clear in the
focused SEM image. Ripples, contamination and tears clearly exist in the devices
which normally can happen during an unoptimized fabrication process. The lack
of such defects in our sample is a measure of the success of the improved recipe.
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Figure 4.12: Final sample fabricated using the improved recipe

a) SEM images of a series of the suspended graphene membrane at the final step of
fabrication: Gold electrodes are used to support the suspended membranes. Inset fig-
ure focuses on one of the devices. b) Similar sample reported in the earlier work with
CVD graphene [140]: As is clear in the focused image, the graphene membranes suffer
from the ripples, contaminations and tears which probably have happened during the
fabrication. These images are reprinted with adoptions.

4.7.3 Important Fabrication Considerations

For a successful fabrication and in order to realize high quality samples for mea-
surements one has to consider following issues:
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4.7.3.1 Supercritical Drying

Drying the sample after underetching and rinsing with DI water is an important
challenge: by using a nitrogen gun or letting it dry in the atmosphere, surface ten-
sion of the water molecules exerts huge local force across suspended structure;
such force could be large enough to break or cause the membranes to collapse.
An example of such samples (partially collapsed) is shown in Figure 4.13-a.

To avoid this problem, an instrument called supercritical dryer is developed.
Phase diagrams of materials are typically similar to what is shown in Figure 4.13-
b. Normal drying of our samples corresponds to crossing the liquid-gas border
of water which is marked by the green arrow in this figure; this is accompanied
by the surface tension. However critical point dryer avoids crossing this border
by passing through the supercritical region where the gas and liquid phases are
not distinguishable. This path is marked by the red arrow and it does not cross
any phase boundary. Carbon dioxide having an easily reachable critical point at
304.25 K and 7.39 MPa is one of the best fluids for supercritical drying.
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Figure 4.13: Important fabrication considerations

a) An example of the collapsed sample because of the failure in drying after under-
etching: Without using the supercritical dryer, surface tension of water causes the
membrane to collapse.

b) Typical phase diagram of materials: shown by the red arrow, supercritical dryer leads
the drying process in a way that avoids direct phase crossing (green arrow) and thus
surface tension can be eliminated.

c) Effect of the current annealing on removing the process residuals: device A and B are
current annealed, but C is left untreated for the purpose of comparison. The cleanliness
of the two former devices is due to the removal of the process residuals in this technique.
Image is adopted from [172].
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4.7.3.2 Current Annealing

Right after underetching, the samples normally show very poor gate tunability
with Dirac points very far from zero gate voltage (examples will be discussed
in the next section). This is because a large amount of process residuals lay on
graphene which tend to dope it; they can also work as scattering centers. Oven
annealing at high temperature in the presence of active or inert atmospheres is
one of the techniques to enhance the quality at this stage, which is typical for the
supported graphene devices. A more efficient method known as current anneal-
ing [138] (also called Joule heating) has been used successfully for suspended de-
vices [172]. In this technique, by passing a remarkably high DC current through
the sample, one can heat up the graphene and thus remove the residuals. The
obtained cleanliness depends on the density and duration of the current. This
process should be done in very high vacuum, if not, oxidation of the graphene
is likely to happen. Figure Figure 4.13-c shows the effectiveness of the current
annealing in cleaning the samples.

The critical issue in this cleaning process is that one may destroy the device
by applying too much current density. The maximum current that graphene can
sustain before breakage not only depends on its geometries, but also on the
presence of micro-scale defects like a tear due to fabrication. This is why the
breakage moment of the devices is not easily predictable.

4.8 Measurements

In the previous section we reviewed the fabrication procedure of the devices. We
see that by optimizing the fabrication recipe, it is possible to make high qual-
ity (as much as one can judge based on the SEM images) suspended graphene
devices in large numbers. In this section the performance of these devices will
be discussed. Field effect measurements is a technique to quantify the electronic
properties of such devices. Then a frequency modulation scheme will be used to
actuate and detect the resonance properties of the samples both at room and low
temperature. Based on this data and employing the existing models, we extract
the properties of graphene membranes.

4.8.1 Gate Dependence of the Resonance Parameters

Probing the conductivity of the devices as function of the gate voltage is the first
measurement to be done after successfully fabricating the devices. Indeed the
transistor characteristics provide information about the electronic properties of
the membrane which are needed for the subsequent mechanical analysis, like
the position of the neutral Dirac point and residual doping. In the series of
the connected membranes (Figure 4.12-a, two electrodes electrically connected
to both sides of a membrane can be used to address each membrane one by
one. Such measurements can be done both before and after underetching for
comparison. In this section, the results obtained from two typical samples will
be discussed (which we will name sample 1 and 2).
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Blue curve in the Figure 4.14-a shows an example of the two probe resistivity
obtained after underetching and under vacuum, which corresponds to sample
1. We note that since graphene membranes are suspended, by applying the gate
voltage, an electrostatic force is generated and attracts the membrane towards
the gate. This may even collapse the membrane in a high gate voltage range.
Thus unlike the supported samples, we have limited [Vy| < 10V in all the mea-
surements of suspended devices. The Dirac point is not present in the measured
window which could be due to the doping during fabrication. We performed the
current annealing cleaning technique on this device (Section 4.7.3.2) to remove
such dopants: red curve in this figure corresponds to the measurements after
such treatments. Now the Dirac point is very close to zero which is expected
from a clean suspended sample. For later resonance measurements in frequency
modulation technique, having a high derivative of the conductance versus gate
voltage is of great importance to detect the signal (Equation 29); close to the Dirac
point, the field effect curves exhibit the highest slope and thus it is important to
have the Dirac point inside the measurement window. On the other hand, the
absolute value of the resistance has increased a lot after current annealing; this
could be partially because of the shifting of the Dirac point. However creation
of some defects (oxidation) in the membrane during the annealing also can be
the other reason. Note that since the signal measured in the FM technique is in
the form of the current (not voltage) we do not care too much about the abso-
lute value of the resistivity as it does not enter into the corresponding equation
(Equation 29). This the reason that all the measurements shown here are done in
two-probe configurations.

We compare the gate tunability of the resistance of sample 2 before and after
underetching in Figure 4.15. Here and while the position of the Dirac point looks
to be unchanged after the suspension, the absolute value of the resistance after
suspension has increased a lot. It is believed that buffered HF does not affect
chromium (which is in direct contact with graphene) and thus the contact resis-
tance; so damaging graphene through the etching and/or super-critical drying
(chemically or even mechanically) is the only explanation for this observation.

4.8.2 Gate Tunable Resonance Properties

At the next step and hooking the devices in the configuration shown in Fig-
ure 4.6-b, we start the resonance measurement of the devices. The important
advantages of this combined actuation/detection scheme is reviewed in Sec-
tion 4.5.3.2. The developed LabVIEW Vs sweeps the carrier frequency in a wide
range of spectrum while the signal at the drain is measured by a SR830 lock-in
(Stanford Research). A sharp increase in the amplitude can be a signature of the
natural frequency of the membrane.

Electrostatic force generated by the applied gate voltage is an important pa-
rameter which can affect the stiffness and thus the resonance frequency of the
system. In Figure 4.14-b and c one can find how the resonance frequency of
sample 1 evolves with changing the backgate. Similar measurements have been
performed on sample 2 with the results shown in Figure 4.14-b and c. Interest-
ingly in sample 1 we can see two different resonance frequencies; even though
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both of them disperse negatively in gate voltage, the gate tunability of the upper
mode is stronger while the amplitude of the signal is lower; both these obser-
vations confirm that these frequencies correspond to two different vibrational
modes. Similar behavior have been reported in exfoliated graphene before [58]
which we have studied in Section 4.6. Two of the possible vibrational modes for
such samples are schematically illustrated as insets in the Figure 4.8-bIl which
could be valid for our measured data.

Normally increasing the gate voltage leads to raising the tension in the mem-
brane and thus the resonance frequency; this is referred to as positive dispersion.
However the resonance frequencies of both of our samples show an opposite
trend with gate which is referred to as negative dispersion. Similar trends have
been reported in graphene membranes [58] and nanowires [173][174] before and
is attributed to the mode softening as a result of the capacitive contribution to
the energy of the resonator described below.

We have briefly reviewed the basics of the vibrating systems in Section 4.4. As
we discussed there, the resonance frequency of a system depends on the square
root of the effective spring constant (Equation 21). In our system, tension in the
membrane (I') has an important effect on this constant which is related partially
to the measurement temperature and gate voltage. Furthermore, depending on
the fabrication process the membranes could be initially under stress correspond-
ing to a constant residual tension (). So the natural resonance frequency of the
membrane can be described as [58]:

1 [T(T,Vgy)+T
wn (T, Vy) = b1l (ptgv)vo' (31)

here L, w and t are the geometrical parameters and refer to the length, width
and thickness of the membrane respectively. We note that p here is proportional
to the total mass of the resonator i.e. mass of graphene plus mass of the process
residuals on it; The later contributor normally is much larger than the mass of the
clean graphene sheet and thus depending on the fabrication process, (p) could
be tens to hundreds of times of the nominal density of graphene. Obtained in
the basis of the elastic continuum theory [15][137][175], at zero gate voltage and
room temperature, Equation 31 simplifies to:

1 /1

wn(vg =0)= 1 otw’

(32)
here the Iy and p are both unknown parameters and it is not possible to have an
independent estimation of them. Equation 31 is built up considering that increas-
ing the gate voltage always increases the tension in the membrane I'(Vy) > 0 and
thus is only valid for the positive dispersion case.

For a negative dispersion, the mode softening effect of the gate voltage can be

modeled as the reduction of the effective spring constant. Then the resonance
frequency can be described by [58]:

1
87’[2meff

2 d2C
(VEIJDC) dzzg ’ (33)
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. . d?c, .
here m.¢¢ is the effective mass of the resonator. The term 2 1s the second

derivative of the capacitance between the membrane and the backgate. We have
fitted the resonance frequencies in the mapping of Figure 4.14-b with such a
model considering the w%l(Vg = 0), Mess and d;fzg as the fitting parameters.
The results are shown as continuous lines. The parameters which we obtained

by such fitting for the lower and higher resonances are listed in Table 6.

Table 6: Fitting results of the dispersion of the resonance modes of sample 1

2
WZ(Vy =0)[MHz]  mer [gr] 4o [F/m?]
higher mode 14.1 1.88 x 10712 0.019
lower mode 13.1 250 x 10712 0.016

By considering the graphene and wafer as a capacitor with parallel plates in

which the whole graphene plate oscillates with small amplitude dz, we can have
2
an estimation about the ddzczg term:

_ €A dZC _ 2ep0A __ 2
C= A — £¢_ 26A _ 0 03F/m?2,

In this relation, A = 4.18 um? and z = 135 nm are the area of graphene and the

vertical distance between the graphene and substrate respectively. eg = 8.85 x
107'2L is the vacuum permittivity. This result is not very far from what we
obtained from the fitting. The error could originate from our assumption that
the graphene plate remains horizontal.

With such fitting we have obtained different d;czg values for the higher and
lower modes which is consistent with assigning them to different vibration
modes. The effective mass also is mode dependent; there could be different rea-
sons for such observation including non-uniform loading of the mass on the
membrane [58].

We note that the measured dispersion of the mode in sample 1 is not com-
pletely symmetrical in gate which is more visible in the single line sweeps in
Figure 4.14-c. This is not consistent with the model (Equation 33) however the
error is in an acceptable range. This is not the case for sample 2 (Figure 4.15-b)
and because of the high degree of asymmetry, we failed to fit the dispersion.

By comparing the line sweeps of the samples depicted in parts ¢ of the corre-
sponding figures, one can find further discrepancies between the samples. The
peaks corresponding to sample 1 (both higher and lower modes) are rather sym-
metrical which is not the case for sample 2 as we see a prominent shoulder in
the left side of the peaks especially at high gate voltages. Such asymmetry can
be attributed to the non-linear effects which will be discussed later. On the other
hand, while the curves measured at positive gate voltages show a dip at reso-
nance frequency, they show up as peaks at negative gate voltages. Just the other
way around, measurements show peaks both for the negative and positive gate
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voltages in sample 2. This discrepancy can be described considering the corre-
sponding field effect curves and by recalling the statement for the current in the
frequency modulation technique. Equation 29 shows that the measured current
in FM technique scales with % % g—\z having the same sign. Unlike for sample
2, the Dirac point for sample 1 is located very close to zero and thus the change
in the sign of the conductivity at the Dirac point leads to change in the sign of
the current for sample 1. Increasing amplitude of the signal by gate voltage also
can be described considering the [V| term which appears in the Equation 29.

The concept of quality factor in resonating systems is introduced and dis-
cussed in Section 4.4.2. In the frequency modulation scheme, the quality factor
can be easily calculated from the zeros of the F (w.) (Equation 30). We have done
such kind of fitting for the curves in Figure 4.14-c and Figure 4.15-c, the results
are summarized in parts d. For the sample 1, the quality factor is highest near
zero gate and reduces as the [V, is swept away from zero. This trend is very sim-
ilar to the dispersion of the resonance frequency in this sample proposing the
same origin. The mode softening caused by the gate voltages tends to increase
the capacitance by reduction the distance between the plates; as a result the
current passing through the sample increases and the resultant increased Joule
heating accounts for increasing the dissipation and reduction of the Q factor. We
have found a quadratic relation between the quality factor and V{ in this sample.
The gate dependence of Q for the sample 2 is more complicated: Similar to sam-
ple 1, reduction of the gate voltage in a window at the center is accompanied
by enhancements in the quality factor. This can be explained in similar terms
as sample 1. However following minimas around [V4| =~ 6 V we see it increases
again by increasing the gate voltage. The origin of this observation is not totally
clear.
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Example of such fitting
in the absence or
presence of the non-
linearities are presented
in Figure 4.16.
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Figure 4.14: Room temperature electrical and mechanical measurements of sample 1
a) Two probe gate dependence of the resistance before and after current annealing:
Initially shifted Dirac point returns back close to Vg = 0V after current annealing.
b) Gate dependence of the mechanical resonance frequency: This sample shows two
resonance frequencies corresponding to two different oscillation modes, both of them
disperse negatively with the gate voltage. The solid lines are fits with the model of
Equation 33.

c) Frequency sweeps at different gate voltages: The curves are not totally symmetric
around Vg = 0 V. The vertical shifts between the curves are removed.

d) Extracted quality factor of the resonances (lower mode) shown in (c) as a function of
the gate voltage: The solid line is the fitting with a quadratic function.
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Figure 4.15: Room temperature electrical and mechanical measurements of sample 2

a) Two probe gate dependence of the resistance before and after under etching the sam-
ple

b) Gate dependence of the resonance frequency of the sample: The negative dispersion is
remarkably asymmetric with respect the zero gate voltage and thus it is not possible to
use the same fitting function of the sample 1 (Figure 4.14-b).

c) Line cuts at different gate voltages of figure (b): The vertical shifts between the
curves are removed.

d) Extracted quality factor of the curves in (c) as a function of the gate voltage: The
dashed lines are guides to the eyes.

4.8.3 Temperature Dependence of the Resonance Properties

Room temperature resonance properties of the samples were discussed in the
previous section. We analyzed the effect of the gate voltage on the resonance
frequency as well as the quality factor of the suspended samples. In this sec-
tion, we use another knob -temperature- to measure the resonance properties of
graphene based NEMS. The data presented here are obtained from sample 1.
We set the gate voltage to -10V and measure the sample at different tempera-
tures while cooling. Figure 4.16-a shows the results of this course. By cooling the
sample, the resonance frequency shifts to the higher values. This is accompanied
by increasing the resonance peak intensity and reduction of its width. The up-
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shift in the resonance can be understood by considering the increased tension
in the membrane: by lowering the temperature, the contraction of the electrodes
leads to increasing the tension (stress) in the membrane which accounts for rais-
ing the resonance frequency. The relation between the tension and resonance
frequency is given in Equation 32. Even though the term sharpening can be used
to describe the combination of the enhancement of the signals and reduction of
their width by cooling, but they have different origins: by cooling the sample,
the mobility of the graphene increases mainly due to reduction in the phonon
scattering. This improves the gate tunability of the carriers and thus % ; as are-
sult the signal improves (see Equation 29). The other observation (shrinking the
width of the peaks) is identical to increase in the quality factor. There are some
reports showing that high tension in the devices (due to cooling for example) is
accompanied by higher quality factors [176]. The details of such dependency is
not fully understood [177] but it seems it is the case for the devices presented
here.

In Figure 4.16-b we see an example of the fitting of the resonance peaks which
is obtained at 275K. This peak (like others measured at high temperatures) is
symmetrical an can be fitted easily by the corresponding model (Equation 29)
to extract the quality factor. The increased tension in the membrane at lower
temperatures is accompanied with an asymmetry in the signal; furthermore the
signal captured at back and forth sweeps are completely different (Figure 4.16-b)
which is the signature of the presence of non-linearity [133][178]. In this case it
is not possible to have a quality fit for the whole signal range and thus only
half of it is fitted. The effect of the frequency sweeping direction on the non-
linearity affected resonance signals is schematically represented in Figure 4.16-d.
Increasing the intensity of the non-linearity prevents the signal to develop by
limiting the amplitude of the peak. This is the reason why the intensity of the
signal at 30K does not follow the trend we see for the other signals on the left.

In this experiment, we managed to cool down the sample down to 13K. It
died very rapidly after this point perhaps because of the high level of stress. The
width and amplitude of the signal measured at this temperature do not follow
the trend from the other signals and it seems the breakage of the device has
already started at this temperature.
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Figure 4.16: Temperature dependence of the resonance properties of sample 1

a) Resonance signals at different temperatures: This measurement is done at
Vg=-10V.

b) Fitting the signal at 275 K with the model of Equation 30

c) Non-linearity in the signal measured 60 K: the measurements at backward and
forward frequency sweeps are very different in terms of the amplitude which is the sig-
nature of non-linearity in the system. The signal follows the model only in backward
sweep and half the way.

d) Schematic representation of the signal that can be measured in the backward and
forward frequency sweeps in the presence of non-linearities

The data we obtain by fitting the signals while cooling are plotted in Fig-
ure 4.17. In part a we see the evolution of the resonance frequency with temper-
ature. The slope is very fast at the beginning while it approaches a saturation
regime close to zero. We have fitted the data with a polynomial function shown
as a continuous red line which will be used for later analysis. The data at 13K is
not considered in this fitting.

The estimated quality factors at different temperatures are depicted in Fig-
ure 4.17. Cooling the sample is accompanied by increasing the quality factor as
we see in the inset figure. The data at 13K is skipped at this plot. Like the reso-
nance frequency, the quality factor is strongly temperature dependent at higher
temperature however the dependency becomes weaker when the sample is very
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cold. This is why the reports normally split the Q(T) in high and low temperature
regimes (see the plotting shown in Huttle’s report [179] in Figure 4.7-f.).

A dependency of TO-33 [140] to TO3® [179][138] is proposed for the inverse qual-
ity factor of the carbon nanotubes and graphene devices at low temperatures
while much stronger dependency of T?3 is observed at high temperatures [140].
Together with our data, we plot the T%33 and T2 lines which seem to describe
the behavior of our data also.
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Figure 4.17: Extracted parameters from the temperature dependency of the resonance
properties in Figure 4.16

a) Resonance frequency as a function of temperature: The solid line is the fitting with
polynomial function.

b) Inverse quality factor (Q~) as a function of temperature: the dashed lines show
TO-33 and T2:3 behaviors reported for nano-scale resonators at low and high tempera-
tures respectively [179][1381[140]. Inset shows the quality factor versus temperature.

4.8.4 Coefficient of the Thermal Expansion of Graphene

By cooling the sample, the thermal expansion/contraction of the electrodes, sil-
icon wafer and graphene alter the tension in the membrane which results in
changing the resonance frequency shown in Figure 4.17-a. The linear coefficient
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of the thermal expansion (CTE, denoted by «) for gold and silicon have been
studied extensively before [180][181][182] (Figure 4.18-a) meaning that by trac-
ing the evolution of the resonance frequency at low temperature, one can cal-
culate the remaining parameter: CTE of graphene. At least two theory papers
have calculated the CTE for graphite and graphene [183][57] predicting negative
CTE due to the out of plane vibrations of the atoms. Bao et al [184] first investi-
gated the CTE of suspended graphene experimentally in the temperature range
of 300K to 400K obtaining the value of « ~ —7 x 107® K=" at 300K. Similar
results obtained later by Chen et al[138] in a small temperature range (250K to
295 K). However the most important work in this field is done by Singh et al [58]
using exfoliated graphene. Here we use the model presented in this work to
study the CTE of CVD graphene in our system.

As the device cools down from room temperature, the suspended gold elec-
trodes start to contract which tends to increase the tension in the membrane;
however the contraction of the silicon wafer and expansion of the graphene (due
to its negative CTE) mitigate the tension. This can be described as:

emem(T) = €gr(T) + ew(T) = Tee(T). (34)
In this relation, € mem, €gr, €w and €. denote the temperature dependent strain
in the membrane (clamped graphene), free graphene, wafer and electrodes re-
spectively. Note that relation diT Ew, e, gr = X, e gr €Xist between the temperature
induced strain and the corresponding CTE. w, and L are geometrical parameters
which represent the width of the electrodes and the distance between them. For
the working temperature, we can find data about «,, and o in literatures which
are replotted in the main panel of Figure 4.18-a. In order to calculate the €4 (T)
information about €em (T) is needed:

AT
 WetEgy

€mem(T) (35)
In this equation which can be obtained from the strain-stress relation in the elas-
tic limit AI'(T) = T'(T) —T'(T = 300 K) shows the temperature dependent alterna-
tion of the tension. This can be estimated considering the resonance frequency
behavior in temperature and using the Equation 32. Note that Eg; = 1TPa[15]
is the Young’s modulus and #=3.34 corresponds to the thickness of monolayer
graphene. Using these relations and assuming uniform expansions for all the
materials, we can calculate oy, using:

2
tgr () =~ S (1) 4+ () (56)
The result of such calculation is plotted in Figure 4.18-b. For the sake of compar-
ison, this calculation is done considering constant CTE for gold and silicon also
which is plotted as a broken line. The results of the previously published the-
ory work (Mounet [57]) as well as 2 measurement results for exfoliated graphene
(Singh #1 and Singh #2 [58] are also replotted.
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Our measurements show that CTE for CVD graphene is not very different
from the exfoliated one, both are negative in the measured temperature range.
However our data matches well with the prediction of Mounet et al both at high
and very low temperatures; while Singh’s results deviate from the red curve at
high temperature, they are close while cooling. From their paper, it is not evident
what values (constant or temperature dependent and from what source) have
been used as the «,, and ., however comparison of our continuous and broken
lines shows that considering temperature dependent values is very important.
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Figure 4.18: Temperature dependency of the coefficient of thermal expansion (CTE, )
of graphene

a) CTE of gold and silicon used in the calculation of the data in (b): While Au (White)
and Au (Nix) refer to the data reported in [180] and [181] respectively, the CTE for
silicon are reprinted from [182]. Red line is the polynomial fit for both sets of the gold
data which we use to calculate the CTE of graphene.

b) Extracted CTE of graphene and comparison with the previous theoretical
(Mounet2005) [57] and experimental (Singh2o10 #1 and #2) [58] works. While the
temperature dependency of the CTE of silicon and gold are not considered in the cal-
culation for the dashed black line, the solid black curve is obtained by including these

effects.

4.9 Conclusion

Outstanding mechanical properties of graphene makes it a promising material
for nano-electro-mechanical applications. There have been some attempts to char-
acterize graphene based NEMS before mainly with exfoliated graphene. Obtain-
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ing very large graphene sheets is an important advantage of CVD graphene for
mass production of nano-electro-mechanical devices. However our understand-
ing about the performance of CVD graphene in such applications is limited be-
cause of the lack of studies. In this chapter we tried to analyze such systems.

Fabrication of NEMS with CVD graphene is challenging compared to the exfo-
liated one, since at least one more step is required to pattern very large graphene
sheets into smaller segments. Such handling of graphene is normally accompa-
nied by mechanical and electrical defects. In this chapter, we introduced an im-
proved fabrication technique to make a large array of suspended grapene devices.
This recipe is developed based on protecting the surface of graphene throughout
the fabrication of the sample with a layer of resist; this covering layer not only
supports graphene minimizing the risk of mechanically defecting, but also pre-
vents deposition of the contamination during the fabrication. Comparison of the
final device with already reported similar samples confirms the efficiency of the
technique.

Electrical measurements show that to some extent, current annealing can re-
move the process residuals on the graphene membrane and improve its charac-
teristics for NEMS detection. This process is largely used in similar applications
however being dependent on crystalline defects, its efficiency is sample depen-
dent.

At the next step and by employing the high efficiency frequency modulation
technique, we managed to excite the membranes into resonance and detect it.
The gate dependence of the oscillation properties have been under focus. We
see that besides the main one, the resonators can show other resonance modes
corresponding to different shapes. We have collected and employed the devel-
oped models to extract the important parameters affecting the dispersion of the
resonance. Gate dependence of the quality factors is also probed.

Cooling the devices can also tune their performance. Here we see that the
temperature dependent expansion/contraction of different components of the
devices leads to increasing the stress in the membrane which accounts for up-
shifting the resonance frequencies as well as improving the quality factor. We
noticed that cooling can increase the non-linear damping effects in the oscillation
of the devices.

By tracing the resonance frequency of the sample and considering the low
temperature mechanical properties of the other materials involved in the system,
the coefficient of the thermal expansion of the CVD graphene is estimated for the
first time. Comparing our results with theory and similar reports with exfoliated
graphene, we see that at both high and very low temperatures our data matches
well with predictions.

From these first investigations of CVD graphene-based NEMS, we can con-
clude that CVD graphene exhibits similar performance for NEMS as the exfoli-
ated one, which makes it a good candidate for large scale integration of graphene
NEMS.



General Conclusion and Perspectives

Graphene on h-BN and suspended graphene devices are the two systems which
we have probed in this work. They look rather different topics nonetheless they
share a common idea: Optimizing the environment of the graphene in order to
promote its performance in application. However suspended graphene devices
have other functionalities as nano-resonators. We started the topic of graphene /h-
BN heterostructures by describing the fabrication process of such devices. The
advantages of h-BN flake for supporting graphene are well described and probed
by using AFM technique. The important feature of the fabricated devices is that
the graphene on h-BN and graphene on silicon samples are located very close
to each other. This gives the opportunity to directly compare the influence of
the substrate on the measured data. Typical resistivity versus gate voltage mea-
surements confirm the efficiency of such stacking. Longer mean free paths of the
carriers obtained in graphene/h-BN devices is attributed to the reduced amount
of the elastic scatterers which can be justified considering the crystalline qual-
ity of the h-BN surface. This was well studied and confirmed experimentally in
the past. However the influence of the h-BN on the phase coherent transport in
graphene which relies on the inelastic scattering events have never been probed
before; It was done through weak localization measurements in different temper-
ature and carrier density regimes. The data show that h-BN not only improves
the mean free path of the electrons but also the coherence. This was the most
important message of chapter 2 of this thesis. We also measured how interval-
ley and intravalley scattering mechanisms are dependent on the quality of the
substrate.

A method for in-situ fabrication of graphene/h-BN samples is the achievement,
introduced in this thesis. Considering the superior properties of h-BN flakes as
a support for graphene, techniques to improve the efficiency of graphene/h-
BN heterostructures is a great focus of current research. Here directly growing
graphene (instead of transferring) on h-BN flakes is a potential technique to
minimize the fabrication difficulties and improve the electrical performance of
graphene. Such methods are in the initial stages now as the performance of in-
situ grown graphene/h-BN samples are not comparable with those realized by
transferring. Necessity for the presence of a catalyst is the greatest hindrance
for the development of such techniques; efforts trying to skip it normally lead
to the formation of small graphene flakes even after long growth processes. In
our proposed method, for the first time, we resolve limitation by letting the pre-
cursors an indirect access to the catalyst. In a CVD method, methane molecules
are decomposed on the normal copper foil and the resultant atoms migrate on
top of the pre-exfoliated h-BN flakes to form graphene layers. Raman analyses
show that the graphene follows the orientation of the substrate. We have exten-
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sively probed the electrical performance of such samples and compared with
typical transferred graphene/h-BN devices. The advantages of our technique in
reduction of the charged impurities lead the electrical performance of the in-situ
grown devices to outperform the transferred graphene, close to the Dirac point
regime. We have measured a carrier mobility of ~ 20, 000cm?/V.s which is the
highest reported among the other in-situ grown graphene/h-BN devices.

CVD graphene based nano-electro-mechanical systems is another topic which
is covered in this thesis. We have worked on the fabrication of such devices and
an enhanced fabrication recipe is developed. Comparison of the devices made
in this technique with reported similar results in the literature qualifies the effi-
ciency of this recipe. After analyzing the transport properties of such devices in
the static mode, by externally exciting the membranes, we probed their mechan-
ical performance. Room-temperature measurements show how the resonance
frequency and quality factor of such devices are tunable by electrostatic forces.
We assess the low temperature performance of such devices and the effect of the
thermal stress in the membranes. Such measurements provide enough data for
us to estimate the coefficient of the thermal expansion of the CVD graphene, for
the first time in this work.

5.2 Perspectives

Our weak localization measurements clearly confirm that having an h-BN buffer
layer in between graphene and silicon wafer leads to the improvements in the
phase coherence length of the charge carriers. However the origin of this obser-
vation is not clear for us. What we gain by using h-BN buffer layers is the re-
duction of the elastic scattering events while the phase coherence of the carriers
can be destroyed by inelastic scattering mechanisms. For the next step, system-
atic study and measurements should be performed to figure out the background
physics. Some magnetic impurities lying at the surface of silicon which are cov-
ered with neutral h-BN flakes could be a reason for this. As another perspective,
one can think about the proximity induced superconductivity in graphene/h-
BN systems. The already proven advantages of h-BN in enhancing the mean free
path and phase coherence of the carriers can account for probing the interesting
physics of such systems e.g. multiple Andreev reflections.

In the line of our proposed in-situ graphene/h-BN growth technique some im-
portant next steps can be paved: The Raman and electrical measurements show
that the grapene grown here suffers from a high population of crystalline defects
which leads to the degradation of its electrical performance at high carrier con-
centrations. The growth parameters are needed to be fine tuned to increase the
quality of the grown graphene at the next step. In this way, increasing the growth
temperature as well as an annealing step right after finishing the growth which
increases the mobility of the carbon atoms on top of the h-BN surface look to be
efficient modifications. As another target, we propose to utilize this technique
for in-situ fabrication of the sandwitched h-BN/graphene/h-BN structures. Our
observations of grown graphene on the h-BN layers below the surface of the
flake support this idea.



5.2. PERSPECTIVES

In the field of graphene based NEMS, several important experiments have
been reported probing different aspects of such systems. As we discussed in
the relevant chapter, very high mechanical resonance frequencies are expected
for graphene nano-resonators considering its low mass and the possibility of
withstanding very high internal mechanical stresses. However the bests samples
reported in this field so-far show a resonance frequency as high as 250 MHz.
Increasing the fabrication quality and removing the residual mass on the mem-
brane as well as improving the device to induce an external mechanical stress in
graphene are the techniques to raise the resonance frequency as well the quality
factor of such devices. Like the case of graphene/h-BN, higher electrical per-
formance of suspended graphene devices due to removing the substrate-related
perturbations can lead to a good platform for probing the physics of the Joseph-
son junctions in this system. Coupling the mechanical properties of the device to
the phase coherence transport phenomena e.g. Josephson current or Fabry-Pérot
oscillations are also on the horizon of such studies.
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Annex 1: Superconductivity Proximity
Effect in Suspended Graphene

6.2 Introduction

Unprotected two-dimensional electron gasses in graphene are very sensitive to
the environmental conditions. The methods for immunizing the electrical trans-
port performance of graphene in applications have been addressed in the previ-
ous chapters. However such easily accessible electrons can be utilized in making
hybrid materials based on graphene i.e. by putting different materials with di-
verged properties in its vicinity, new properties can be induced in graphene. One
of the most remarkable examples in this regard is the proximity induced super-
conductivity in graphene which was realized in 2007[16]; They show that by
depositing superconductive electrodes on, bipolar gate tunable supercurrent can
follow in graphene. Josephson junction made in this manner if comes together
with the ballistic transport expected in high quality graphene, could be an attrac-
tive platform to understand the two-dimensional Dirac-fermion physics and to
explore quantum interference effects e.g. Andreev bound states in such systems.

Suspending graphene to get rid of the parasitic effects associated with the sub-
strate is a potential way to reach high quality graphene. This technique looks
even more interesting in making such hybrid systems since one can think about
coupling mechanical vibrational properties of graphene with induced supercon-
ductivity. Furthermore by such coupling, we can get rid of some thermal losses
in oscillating graphene which is accompanied by the normal current used in ac-
tuation/detection schemes; thus a vibrating system with higher quality factor is
predictable.

Underetching graphene in the way described in Section 4.7.1 is only feasible
with few noble metals like gold which do not show superconducting proper-
ties at low temperatures. This is because HF which is used for etching silicon
effectively attacks and etches most metals. An interesting effort is done by my
colleague, Adrien Allain[91] before my arrival to this lab (Figure 6.1). In his
technique, small isolated tin islands are evaporated on graphene membrane sus-
pended over gold electrode; Thus at low temperatures, these islands become
superconductors and make the whole graphene a superconductor by the prox-
imity effect. Deposition of the tin islands on graphene effectively dopes it and
the Dirac point shifts outside the small gate voltage range we can sweep in the
case of suspended graphene. Thus the gate tunability of such devices is rather
low which makes detection of the vibration very difficult in application. This is
the most important disadvantage of this technique. Also due to the deposition of
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Figure 6.1:  Suspended  hybrid tin-
graphene  devices,  fabricated and
measured by A. Allain [91]

a) SEM image of the graphene
membrane  decorated with isolated
superconductive islands

b) Sharp drops in the resistivity wile
cooling confirm that the device falls
into the superconducting state.

tin, the effective mass of the membrane is much higher than the bare graphene
which eliminates most of the advantages of graphene in NEMS application.
During the last year of my PhD, I examined new fabrication recipes applicable
with superconducting materials. The common idea in all these methods is real-
izing superconducting electrodes with a very short gap and then transferring
a graphene membrane on top of them. Through the rest of this chapter, we I
review the fabrication methods and some of the results obtained in this topic.

6.3 Oxygen Plasma for Etching Suspended Graphene
Sheets

As the first recipe and after fabricating superconducting electrodes, a large graphene
sheet is transferred on them. An step of e-beam lithography followed by oxygn
plasma etching is necessary afterwards to pattern graphene into a ribbon of few
micron width. Figure 6.2 shows the SEM illustration of the first sample I made in
this way. It was successful in terms of realizing a suspended graphene, but as is
clear that graphene suffers from contaminations (probably due to re-deposition
of the process residuals) and a small amount of miss alignment. Also the surface
of the electrode is not smooth enough to end up with a good interface and low
contact resistance which is crucial for inducing superconductivity.

At the next step, we tried to optimize our fabrication technique. Figure 6.3
shows the next generation of such devices. An SEM image of the Al/Pd elec-



6.3. OXYGEN PLASMA FOR ETCHING SUSPENDED GRAPHENE SHEETS

Figure 6.2: The first
sample we made with
transferring graphene
on  superconducting
electrodes
Fabrication of such
samples are done by
transferring large
CVD graphene sheet
on pre-defined Al
superconducting
electrodes. An step of
e-beam  lithography
followed by oxygen
plasma is required
afterwards to pattern
graphene into  the
ribbon.

trodes before transferring graphene on it is shown in a; One can confirm that the
surface roughness of these electrodes are enhanced compared to the previous
sample. Also we have reduced the gap between the electrodes, the minimum dis-
tance is now almost 100 nm. Panel b shows the graphene after transferring on the
electrodes and patterning. Short graphene bridges suspended on the electrodes
are realized. Dark areas correspond to the surfaces which are covered by PMMA.
A focused image of the shortest junction after removing PMMA layer is visible
in panel c. Graphene looks to be clean. However the field effect measurements
(Figure 6.3-d) of such samples are not promising. Clear there, the filed tunability
of the resistance is rather weak. This could be due to the screening effects of
the electrodes which could be very remarkable for such short junctions or be-
cause of some scaling phenomena which is addressed in[92]. The third reason
for this poor mobility could be the damaging effect of the oxygen plasma: the
bottom surface of the suspended graphene was not protected during the fabri-
cation, thus the oxygen ions in the plasma etching step can effectively damage
the graphene and reduce its quality. On the other hand, the two probe resistance
measured here is more than 20 kQ which is rather high to obtain a good bleeding
of the superconductivity into the graphene. Poor coupling of the graphene on
pre-defined electrodes (e.g. due to the oxidation of Al) is a possible explanation.
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' PMMA-covered
area

Ve (V)

Figure 6.3: Second generation of our graphene on superconducting-lectrode devices
a) Superconducting Al/Pd electrodes are deposited at the first step.

b) CVD graphene covered with PMMA layer is transferred on the electrodes and is
pattered.

c) By removing the PMMA layer, the sample is ready for the measurements.

d) Two-probe resistance versus gate voltage measurements of this sample shows the
graphene ribbon is of low transport quality.

The simplest way to reduce the contact resistance is to increase the contact
surface. It took a longtime for me to optimize the e-beam lithography step to
fabricate very large electrodes with very small gaps in between (Figure 6.4). Now
at each step of lithography, we can make a large number of devices (similar
these figures) to increase the fabrication yield. Furthermore, by enhancing the
evaporation technique, the surface roughness of the electrodes has been greatly
enhanced.

Now by successfully fabricating such electrodes and in order to cope with the
unfavorable side effects of the plasma etching, we took several approaches.

6.4 Focused lon Beam for Patterning Graphene

As the first approach, we replaced the plasma etching step with Focused Ion
Beam (FIB) etching. Compared to the oxygen plasma, high energy ions which are
used in FIB technique are more directional; thus the possibility of damaging the
backside of the graphene is greatly reduced. On the hand, the FIB technique is
more time consuming than plasma etching and the gallium ion beam which is
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30um

Figure 6.4: Optimized design and depo-

300nm 100nm 200nm sition of the electrodes

. Increasing the area of the contact pads
as well as reducing the roughness of the
electrodes (by optimizing the deposition
parameters) are the two important mod-
ifications in these samples in compari-
son to the previous samples (Figure 6.3)
to minimize the contact resistance of the
devices.
SEM image in panel b focuses on a
small area in a.

used can easily contaminate the surface of the graphene. The latter problem can
be solved by protecting the surface of graphene with a PMMA layer.

Figure 6.5-a shows how focused ion beam can be employed for cutting sus-
pended graphene. Examples of the devices etched in this way with a PMMA
protective layer are revealed in Figure 6.5-b. After removing the PMMA with
acetone, we can have very short and suspended junctions like what we see in Fig-
ure 6.5-c. At the next step we started electrical measurements. Our data shows
that such samples suffer from high gate-leakage pointing out that the ion beam
has damaged the silicon wafer. More effort is needed to optimize the power and
current of the beam to prevent this problem.

6.5 Samples Made by Hexagonal Graphene

Considering the difficulties we had to pattern the graphene with oxygen plasma
or FIB techniques, we took another approach for making suspended supercon-
ducting graphene devices: In this method, we transfer discrete hexagonal mono-
crystal graphene flakes on the electrodes rather than a continuous sheet. Skip-
ping the step for patterning graphene is the main advantage of this recipe, how-
ever the geometry of the resultant membrane is not ideal for NEMS applications.
Such kind of samples can only be used for probing Josephson junction properties
in suspended graphene samples. Figure 6.6 shows some results we obtained.
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PMMA/graphene
bridges

Figure 6.5: Focused ion beam for patterning suspended graphene samples

a) Basic principle of patterning graphene using FIB: Focused gallium ion beam is
employed to cut graphene and pattern it.

b) Example of the sample after FIB patterning: The PMMA layer which is used for wet
transferring graphene protects graphene from ion contamination.

c) Final device after removing the PMMA layer: Very fine and suspended structures
can be made in this manner.
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Figure 6.6: Hexagonal graphene for making suspended graphene-based Josephson junc-
tions

a) SEM image of two hexagonal graphene grains transferred on superconducting Al
electrodes with very short gap in between

b) Similar systems in which two parallel graphene grains resemble an SQUID loop

c) Two probe measurement of the resistance as a function of the gate voltage: This mea-
surement has been performed on the small hexagonal graphene flake suspended over
two left electrodes in b. d) Temperature dependency of the resistance of one of the the
device in c: A sharp dip around 400 mK could be a signature of the proximity induction
of superconductivity in graphene membrane. We have put the vertical axes in AR to
simplify the comparison of the curves at two different gate voltages.

In this figure, the SEM images (panels a and b) show examples of the devices
obtained in this technique. Very large contact area of graphene and the pads
leads to low contact resistance. In panel ¢, one can see an example of the field
effect curves, measured at 4K. The Dirac point looks to be around 10V and
the gate tunability is good. During the cooling, a sharp drop of the resistance
between 350 and 450mK is seen, but the resistivity does not fall to zero and
thus, full superconductivity is not achieved. This can be attributed to the high
contact resistance.
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6.6 Graphene Sandwitched Between Superconducting
Layers

For the next generation of such samples, in order to reduce the contact resistance
and after an step of e-beam lithography, a layer of tin is deposited on top of
graphene; Thus graphene is sandwiched between two superconducting layers.
Figure 6.7 shows the optical and SEM images of such samples. Unfortunately
due to some problems with the fridge, we did not manage to cool this sample
down and see how it behaves at low temperatures.

1°* metal layer

suspended
graphene

2" metal
layer

Figure 6.7: Suspended graphene sandwiched between superconducting electrodes
Graphene as well as the bottom and top layers of tin electrodes are marked in the optical
(a) and SEM images (b and c). Due to the small thickness of the material, tin at the top
layer is deposited as isolated islands.

6.7 Exfoliated Graphene on Superconducting Electrodes

In this technique, after making a large array of superconducting electrodes, we
mechanically exfoliate graphene on the sample hoping that by chance, we end up
with a flake on top of the gap. Using high quality exfoliated graphene instead of
CVD one as well as skipping the patterning step (in contrast to the case of large
sheet of CVD graphene) are the main advantages of this technique over some
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other previously utilized methods. However the yield is very low which makes
the process very time consuming.

€)) |

- - after ESD
suspended g"ap/hene flake e
5243 \ ',’

(
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Figure 6.8: Exfoliated, suspended sample over superconducting electrodes

a) SEM image of a suspended graphene realized by directly exfoliating graphene on
predefined array of superconducting electrodes

b) Corresponding field effect measurement at room temperature: Electrostatic discharge
(ESD) killed the sample after mounting in the fridge for cooling. The inset shows the
SEM image of the same sample after ESD.

The first device made (Figure 6.8) showed very nice transport properties: in
a very small gate range, its resistance sweeps between 75 and 750 kQ which is
a signature of ultra high carrier mobilities. Very narrow Dirac peak and it posi-
tion at exactly zero gate voltage points out that the population of the charged
impurities is negligible which is due to the very clean fabrication procedure. Un-
fortunately this sample died very rapidly because of the electrostatic discharge
and thus we did not managed to do more analyses on it. Afterwards, a lot of
efforts to reproduce the same results were performed, but with no success.

Figure 6.9 shows another sample of this case. In the SEM image (2) we see a
small graphene piece which is suspended over the trench. Our initial measure-
ments (not included in this figure) did not show any remarkable field effect. The
fact that this piece is very thick and is no more graphene, is the reason for this.
I tried to mechanically exfoliate it using an AFM tip. In parts b and ¢ one can
see this flake before and after the manipulation. The thickness of this sample (d)
measured along the dashed line in ¢ shows that the thickness of the flake has
indeed reduced a lot, but the field tunability (e) is still very weak. This sample
died after further AFM manipulation.
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Figure 6.9: AFM manipulation to reduce the thickness of a suspended graphene flake

a) SEM image of a suspended graphene realized by directly exfoliating graphene on
predefined array of superconducting electrodes

b) Corresponding AFM mapping of this sample at initial state

c) AFM mapping of the same sample after several steps of manipulation with AFM tip
d) Thickness profile of this flake before and after AFM manipulation measured along the
dashed line marked in c

e) Corresponding field effect measurement after AFM manipulation
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