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ABSTRACT
GRAPHENE BASED HIGH FREQUENCY ELECTRONICS
Ercas Pince
MSc. in Physics
Supervisor: Asst.Prof. Dr. Gkun Kocaba

August, 2010
Recent advances in chemical vapor deposition optgrmae on large area substrates
stimulate a significant research effort in ordeséarch for new applications of graphene in
the field of unusual electronics such as macroedaats. The primary aim of this work is
to use single layer of graphene for application$igh frequency electronics. This thesis
consists of both theoretical and experimental s&idif graphene transistors for the use of
radio frequency electronics. We have grown graph&ner using chemical vapor
deposition technique on large area copper substratee grown graphene layers are then
transferred onto dielectric substrates for the ialtion of graphene transistors. The
theoretical part of the thesis is focused on theéeustanding the performance limits of the
graphene transistor for high frequency operatiore Wvestigate the intrinsic high
frequency performance of graphene field effectdistors using a self consistent transport
model. The self-consistent transport model is based nonuniversal diffusive transport
that is governed by the charged impurity scatteririge output and transfer characteristics
of graphene field effect transistors are charamterias a function of impurity concentration
and dielectric constant of the gate insulator. €hegperimental and theoretical studies

shape the basis of our research on the grapheed badio frequency electronics.

Keywords: Graphene, RF, High Frequency ElectrorGa4)



OZET
Ercaz Pince

GRAFEN TABANLI YUKSEK FREKANS ELEKTRONGI
Fizik Yuksek Lisansi
Tez Yoneticisi: Yard.Do¢. Gtun Kocaba
Agustos, 2010

Geng alanli alttalar tzerine kimyasal buhardan biriktirme tekinile elde edilir olmasi
nedeniyle son galineler Grafin'in makroelektronik gibi ahllagelmedik elektronik
uygulamalarindaki asairmalart gozle gorulir bicimde hareketlendirdi. Balismanin
oncelikli amaci tek tabakal Grafin'in ylksek frelsaelektronginde kullaniimasidir. Bu tez
radio frekans elektropinde kullanilacak Grafin transistorlerin kuramsad deneysel
calismasini icermektedir. Genialanh bakir alttglar Gzerinde kimyasal buhar biriktirme
teknigiyle Grafin tabakasi buydtildi. Daha sonra bukalzai, Grafin transistor yapmak
uzere dielektrik yuzeylere aktardik. Tezin kuramBélimui Grafin transistoriin yiuksek
frekans elektrorgindeki performans limitlerini anlamak (zerine gymlasmistir. Bu
bélimde,“Kendi icerisinde tutarl” bir genim teorisi kullanilarak Grafin tabanl alan eitkil
transistorlerin kendine 6zgu yuksek frekangdoanlari incelendi. “Kendi icerisinde tutarl”
tasinim modeli, alttg ylzeyinde olgan yik safsizfii sacilmasi tarafindan belirlenen,
evrensel nitelikte olmayan yayginstam modeli ile aciklanir. Grafin tabanli alan étki
transistorlerin - ¢ilg  ve transfer karakteristikleri, g¢ri yalitkaninin  safsizlik
konsantrasyonunun ve dielekrik sabitinin bir foryksiu olarak karakterize edildi. Yukarida
gorulen deneysel ve teorik gahalar Grafin tabanli radyo frekansi elekt@malanindaki

aratirmamizin temelini olgturmustur.

Anahtar sozcukler: Grafin,ytiksek frekans elektggRiF,kimyasal buhari biriktirme
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Chapter 1

Introduction

1.1. The Prospects of Graphene

Considering the silicon based technology is reaghiits limits, every now and then a
new material draw attention of the researchers emdrges to replace silicon’s role in
semiconductor technology[1]. Many of the candidates eliminated and silicon is yet the
most reliable semiconductor material used in tlem.aHowever, as the size of electronic
devices gets smaller silicon is reaching to thdasta device limit and in near future it is
widely believed that silicon can no longer suppbe need of high frequency electronics
applications in the market. According to Moore’svlaumber of transistors in integrated
circuits double in 18 months period. By the silicbased semiconductor devices gets
smaller and smaller, It is widely believed that nsilicon technology is on the boundaries
of fundamental limit and some problems might arsech as gate tunneling in
MOSFETSsI[2]. Therefore, a thorough research is ne¢alereate alternative routes to solid
state device technology without any scaling problem

In 2004, Novoselov et.al discovered a method toodepsraphene, 2D crystal of carbon

atoms arranged in hexagonal shape and observepedsliar electrical properties[3].
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Beside abrupt electrical properties of fabricatedpgBene devices, Graphene layer also

exhibits unusual transport phenomenal4],[5].

These intrinsic properties make graphene worthwioitea closer inspection. Graphene is
one of a solid candidate amongst the other emerdgwvice materials for the post silicon
era. The main reason for this verdict is basedabmnidated graphene field effect transistors
having potential for immediate applications towaRJ¥s device technology[6], showing
high frequency performance[B]] and high mobility, up to 23,000 éwi's® [10],
compared with conventional CMOS devices. Furtheemmtrinsic carrier mobility values
of higher than 200,000 dvi”s' is predicted for a graphene based device[11]. oAt
graphene field effect transistors have lower on-@ffio compared to silicon based
MOSFET and therefore lower switching capabilitiesw generation graphene nanoribbons
could yield promising on/off ratios (up to ~%)0[12]. Also, new graphene growth
techniques, such as chemical vapor depositionayglgne on large area substrates[13],[14]
has opened up the opportunity to use RF deviceitsron large displays as stretchable and
foldable graphene electronics[15].

One of the most important parameter we need tcstigage in graphene devices is the cut-
off frequency,{ The cut-off frequency is the frequency at whiarrent gain of the
transistor drops to one. This means, at the cufreffuency, the frequency response of a
system is beginning to decrease. With higher cuth@quency, the graphene devices
become more suitable for use in RF applications.

Nonetheless, graphene is not the only promisingarabased material in semiconductor
device technology, it has competitors: CVD Diamamdl Carbon Nanotube. Diamond and

carbon nanotube both have high mobilities[16], &nratios[17], and cut-off frequency
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values[18,19,20]. Their physical and electronicpamies will be discussed in subsequent
chapters.

1.2. Aim and Organization of the Thesis

The aim of this thesis to show the device capgbdita fabricated graphene based field
effect transistor and analyze the device parametech as mobility, transconductance,

on/off ratio and other characteristics as a fumctibchannel length.

In chapter 1, the introduction to the new graphbased device technology and latest

developments in device physics of graphene is given

Chapter 2 will address the electronic propertie8 aarbon allotropes of graphene, carbon
nanotube and diamond. Their band gap structurebeilbriefly analyzed and the device
capabilities will be discussed.

In chapter 3, we will present the synthesis of lenigyer graphene and its transfer
techniques to a dielectric surface. This chaptdrmostly concern about the fabrication of

uniform and atomic thick single layer grown grapd@m a substrate.

In chapter 4, Raman spectroscopy of atomic thioglsilayer graphene will be analyzed.
We briefly discuss about Raman scattering, andcteracterization of the quality of

epitaxially grown graphene.
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Chapter 5 summarizes the fabrication process ametléctrical performance of the back-
gated field effect transistor. The CVD grown graphelayers on copper foils are
transferred on Si@coated Si substrates.

Chapter 6 investigates the intrinsic high frequepeyformance of graphene field effect
transistors using a self consistent transport moble¢ self-consistent transport model is
based on a nonuniversal diffusive transport thgoigerned by the scattering owing to the
presence of the charged impurities on the subsffaie output and transfer characteristics
of graphene field effect transistors are charaoterias a function of impurity concentration

and dielectric constant of the gate insulator. Ingod high frequency device parameters
have been investigated.

Chapter 7 will provide the summary of the thesid discuss the future directions of our
research on the graphene based high frequencyaias.



Chapter 2

Electronic Properties of Carbon Allotropes

2.1. Diamond

Diamond is an Carbon allotrope, standing as a @rydtthe diamond lattice structure of
tetrahedrally bondedp® hybridized carbon atoms (see Figure 2.1) [21]héligh Natural
Diamond is defined as an insulator, synthetic diagns a wide band-gap semiconductor
(Eg= 5.4 eV) and it has promising thermal and eleatncoperties. Basically, high pressure
and high temperature values around respectivel@07@bar and 1400-1600 °C is needed
for the formation of natural diamond[22]. The fiedtempt to synthetically grow diamond
was made by Bundgt al. in 1955 by applying the High Pressure High Tempeea
(HPHT) synthesis method[23]. This method is simpged on applying a high pressure on
a cylinder container by a piston and raising threpterature inside the container to around
1400 °C. HPHT synthesis might yield high qualitgldarge area substrate of diamond but
recent advances in chemical vapor deposition tgctenmade the diamond growth process
much practical and accessible. Using Hydrocarbanscarbon feedstock and surface
passivator at temperatures around 2000 K at maxinchlemical reaction occurs in order

to grow single or polycrystalline diamond on thébswate concerned. Generally, £H
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(methane) or gH, (acetylene)are used as carbon feedstock in thalrd24]. Also, it is
possible to dope the diamond lattice with nitrogerboron atom through CVD process to

make N-type or P-type semiconductor device.

Figure 2-1.Tetrahedral diamond lattice structur€afbon atoms (Designed in software
“Balls&Sticks”)
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The main focus here is the measure of high endrelécs performance for several base
materials. Therefore, Diamond is evaluated witlie framework of RF electronics. The
first single crystal diamond based device in histeg fabricated by Isbergt al. in
2002[25]. The device showed excellent high camebility, respective hole and electron
mobilities up to 3800 cAiVs and 4500 cAfVs. Also the breakdown electrical field and the
thermal conductivity of diamond devices are verghhvalues such as 10 MV/cm and 20
W/cm K. These values suggest good applicabilityeD diamond based semiconductor
devices to area of high temperature and high p@&ericonductors among the same class
of candidate semiconductor material. One of the tmiwportant physical features of
diamond is its thermal conductivity. It can largely used in RF device power management
which GaN is mostly leading the area. However, fire# GaN-diamond hybrid devices
were fabricated in 2007, and there is still redegang on in the area of thermal properties
of high power devices[26].

The Presence of dangling bonds of carbon atomshenctystal edge of diamond is a
problem and are needed to be passivated from thacsuin order to have a good
conductance in diamond based field effect transisitherefore, Kawaradeset al.
manufactured diamond FET with Hydrogen surface ireatron[27]. By the deposition of
Hydrogen to the surface using CVD, a hole chanmealonstructed around 10 length nm
below the surface and metal contacts are evapoedtdte Hydrogen terminated surface.
Hence, passivated area acts as if there is a 1ll@mgth thick dielectric surface above the
channel. Without proper Hydrogen surface termimaticdiamond FET cannot achieve a
good RF performance[28]. The best RF performanog/shup today is a cut-off frequency

fi of 45 GHz and maximum frequency.f of 120 GHz which is one of the highest
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frequency response for a single RF device[20]. Th&ult indicates that diamond field

effect transistors are excellent candidates foigtdsy RF power amplifiers.

2.2.Carbon Nanotube

Rolling up the honeycomb structure to a cylindercafbon atoms makes the 2D planar
sheet of carbon into a 3D structure, namely carbanotube. The orientation of that
graphene sheet is rolling onto itself is importaptmeans of band gap structure of carbon
nanotube. A vector is needed to describe the gplfivotion of graphene sheet and it is
called chiral vector (see Figure 2.2). Dependinghendirection of chiral vector, rolling up
graphene sheet along chiral vector might yield thetaor semiconductor carbon
nanotubes[17,29]. Generally, 1/3 of yielded carbhanotubes are metallic and 2/3 of them
are semiconductors[30]. However, metallic nanotubkkgned in series might short the
patterned device and can abruptly decrease desreaneters such as the output resistance
and the on/off ratio[31], therefore metallic nartda should be eliminated in order to have
a good device performance. There are many chemnchphysical techniques to select and
eliminate metallic carbon nanotubes such as applgibreakdown electrical field and high
current on the parallel aligned carbon nanotubgs[@2emical etching with gas phase

hydrocarbonation reaction[33] and plasma etchinfjunyine gas[34].
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Figure 2-2.The honeycomb structure rolled along&Mhector G, T stands for
Translation vector of hexagonal lattice. Chiralteecan be expressed as linear
combination of primitive lattice vectors. In thigdire Cn= 4a;+2a,.

There are various numbers of carbon nanotube grteetmiques[35,36], howeven situ

growth techniques of carbon nanotubes are preferdbé to the difficulties in transfer
process onto an insulator substrate and the quadiined. Hence, CVD is one of the most
reliable and facile method to grow aligned carb@matubes. In CVD process, metal
catalyst nanoparticles are placed aligned upon stsate and various gas of carbon
feedstock flows around temperature of 900-1000 P@ose Catalyst particles might
determine the type and diameter of carbon nanotublevertheless, aligned dense

nanotube array should be obtained in order to sust@ood device quality and electrical
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performance. Kocabagt al. achieved the growth of surface guided highly adjrand
dense single walled carbon nanotubes(SWNT) on gsatistrates[37]. While patterning a
carbon nanotube based device with lithographys ihighly important to appropriately
place carbon nanotubes right between the sourcedesid pads and below the gate.
Otherwise, carbon nanotubes might touch a nearbiceleattern and create a parasitic
capacitance due to the fringing field or simply shitve device. In order to have high
transconductance, cut-off frequengy(Bnd maximum frequencyf), one needs to
implement perfectly aligned and dense carbon némestuinto the device geometry.
Therefore, disordered and misaligned carbon naestuleaken the RF device performance
and decrease the on/off ratio, and the mobility cafbon nanotube based devices
significantly. As an example to highly parallel asheihse carbon nanotube arrays, Kocabas
et. al achieved to assemble SWNT based RF deviwasisg very high mobility up to
3000 cmiV’s* [16] and high cut-off frequencyjfvalue such as 30 GHz[18]. Furthermore,
RF applications of carbon nanotube devices areoesgl One group at University of
California Irvine [38] succeeded to fabricate namet AM demodulator. A group in
University of California at Berkeley[39] and anothat University of Illinois Urbana
Champaign[40] successfully demonstrated carbontnhedased functioning AM radio.

To conclude, the summarized applications and depmdormance reflects the carbon
nanotube FETS’ potential to be used in RF circasign. The challenge to grow high
density aligned micrometer long carbon nanotub#isceintinues to enhance the device

performance and hopefully a significant improvemaititbe seen in near future.
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2.3.Graphene

Graphene is the single atom thick layer of hexablatiéce shaped carbon atoms[3],[5, 41].
Another definition might also be written as Graphés a 2D planar $phybridization of
Carbon atoms. Since Carbon atom has 4 valences;os 2p2p, and 2p, z showing the
perpendicular direction to the x-y plane of grapheheet, the s p, orbitals yield the in
planec bond. The laterab bonds are strong covalent bonds which hold theeyxymb
structure. However, the uncouplegdaubital of one carbon atoms in the sheet interatits
neighboring p orbitals of different carbon atoms and createsd=* bonding along the z
direction with respect to graphene sheet. Henceh) gaaphene sheet is bonded to each
other with weak Van der Waals bonds[42]. Lumps raipene layers, stacked one on top

each other construct graphite sheet. In FiguretBe8|attice shape of a graphene molecule
can be seen. The lattice vectasanda; are written asy; = ~(3,v3) ,a; = 2(3,—V3) .
These are the real space lattice vectors for hewdgshaped carbon atoms and the

reciprocal lattice vectors in the Brilliouin zonarche obtained as, = 2—2(1 V3), by =

;—Z(l, —/3) (see the Figure 2.3 for vector representatioksind K’ points are called

Dirac points where the upper energy bangdand lower energy band) in the energy
band diagram of graphene overlap (see Figure 2.4).
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Figure 2-3.Hexagonal shape of honeycomb latticeitariglrilliouin zone lattice. aand
& are primitive lattice vectors; land b are reciprocal lattice vectors. Points K and K’
are called Dirac points.
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Figure 2-4. Energy band diagram of graphene strecidirac points are manifested as
where uppet) and lower energy bands coincigte(

The Fermi level is at zero conductivity point faistine graphene, since the Fermi surface
at the intersection points of and n* band is infinitesimally thin, it would be more
appropriate to name graphene other than a mesaliface. Hence, graphene is named zero
band-gap semimetal. The name “Dirac” comes fompttiats K and K’ resulting from linear
energy dispersion of charge carriers behaving asskess Dirac fermions around these

points. The energy dispersion for honeycomb lattice is given by
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V3k,a k,a k,a
Ei(kx,ky)ziyo\/1+4cos zx cos 32/ +4cosz%

where k and k are the components of electron momentum vdctandy, is the transfer
energy between first neighbatorbitals (also called the nearest neighbor hoppimgrgy)
which is around 2.9-3.1 eV [5, 42]. This energypéision formula reduces t6 =
+hvelk — K|, where k is the electron momentum vectgiis\the Fermi velocity having a
value of approximately £am/s and K is the momentum vector at K point, anédsembles
to the energy of a Dirac particle in relativistieldl which is governed by Dirac equation.
These symmetriac andn* bands provide an ambipolar device switch beingisetric
around zero conductivity point which suggests ajusdble electron hole symmetry.
Since, p state of carbon atoms in the graphene sheet igoeat by an electrom band is
filled with that electron. Thus, the points in e@ifént sides of Dirac cone (e.g. K and K’
point) are interrelated by time reversal symmefityerefore, the six corners of reciprocal
honeycomb lattice in Brillouin zone are called Bigoints and each one of them contains
two Dirac cones one for hole*(band) and one for electron stateb@nd).

At zero conductivity point (also suggested as radityr point) charges carriers, both
electrons and holes contribute equally to condactiod there is certain charge symmetry
around zero conductivity point. Therefore, it isspible to use graphene as a flexible
ambipolar device which can be switched easily frottype to p-type, and vice versa.
General point of view upon the universality of zemnductivity point on graphene is that
around the minimum conductivity value of’4er and it is independent of charge carrier
concentration and therefore the transport is ligllesound these points. However, Adam et
al. articulate that the universal ballistic trandpoan be rendered to a nonuniversal

diffusive transport by adjusting the charge impesitupon the substrate[43]. By this
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theory, the governing mechanism nearby Dirac peittte charge impurity scattering and it
is due to the self-consistently determined induclearge carrier density. We will discuss
the implication of this theory in Chapter 6.



Chapter 3
Synthesis of Graphene

3.1. Deposition Methods of Graphene

Another important issue in graphene device fahpoats creating scalable, controllable
and facile growth of graphene. Scalability of growigraphene is needed for the
fabrication of graphene devices over large areasgd. area means higher conduction
output for devices such as photovoltaics and RF noconication device. The most
important aspect of graphene growth is the corbdity of grown graphene layers and the
challenge to obtaim situ single layer or bilayer graphene. Without propamtomol over the
scalable size of graphene layer growth processcanéave graphitic structure with many
layers of graphene and thus the fabricated devidé skow inferior performance
comparing to single layer graphene based devichsrefore, the problem of growing
single layer graphene is a crucial one which nowsdasearchers are still struggling to
solve.

In the early days of graphene research, graphemeslavere mostly obtained from kish
graphite and graphite derivatives such as highlgnbed pyrolytic graphite (HOPG) by
using mechanical exfoliation[3]. Since, graphitehs stack of graphene layers and bonded

to each other with weak van der Waals force, graphayers can be physically detached
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from the remaining graphitic structure. This praces also called ‘scotch tape’ method,
after all the exfoliating is performed by stickitige tape onto the graphite and pulling it
apart. Although high quality single layer graphecten be isolated by applying this
technique; it does not supply the large area néegtaphene for scaling graphene based
devices. This technique is further improved by gsBiO/Si based stamps[44]. These
stamps are put onto the surface of graphite inrameut a piece of graphene layer and
exfoliate it. By exploiting this technique, isoldtgraphene can be pre-patterned for the
desired device geometry or purpose. Also Polydigisiloxane (PDMS) and pre-patterned
gold films were used for the exfoliation by othesearch groups[4$46].



CHAPTER 3. SYNTHESIS OF GRAPHENE 18

Exfoliated
Graphene

Figure 3-1. A schematic of electrostatic exfoliatiGraphene is exfoliated from HOPG

surface with an applied bias.
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An inspiring method was discovered by Liang et fat. exfoliation of graphene from
graphite structure in 2009[47]. An explanatory soh&c of the technique can be seen in
Figure 3-1. A bias voltage applied between pregpattd HOPG layer and Si/Si®Gurface

to create an electrostatic field in order to ph# pre-patterned graphene apart from HOPG
and attach it onto the insulator surface. This hdgehnique is also called electrostatic
exfoliation of graphene and it provides productioinhigh quality few-layer graphene
sheets and graphene nanoribbons up to 18 nm. Anasedul exfoliation technique is
liquid phase exfoliation of graphene layers. Gelhema this method, the stack of graphene
layers in graphitic structure are intercalated é&yesal chemical compounds or polymers in
a liquid suspension and separated into few-laykggaphene by sonication or other means
of agitation. For instance, Green et al. used aithegradient ultracentrifugation in order to
isolate encapsulated graphene sheets by sodiunatef#8]. They achieved to exfoliate
graphene sheets and detect the number of layerbbgrang the buoyant density of
graphene-sodium cholate suspensions. Thicker gneplagers are located near the bottom
of the tube containing suspensions after densagignt ultracentrifugation treatment. This
sort of exfoliation techniques provide the contbllity over the number of graphene
layers fabricated from HOPG or simply kish graphiiewever, patterning is still an issue
and is not applicable in the exfoliation proceskerEfore one needs to develop a much
more scalable technique to pre-pattern and pugthphene layers into the desired shapes
suitable for device fabrication usage. One of teehmniques that provide this kind of
patterning is epitaxial growth of graphene by th&lrrdecomposition of silicon carbide
(SiC)[49][50].

Application of the technique starts with honeycolatiice patterning (graphitization) of
carbon atoms on silicon carbide, thus epitaxiaignoof graphene on top of silicon carbide

template and silicon sublimation under ultrahiglowan. There are several drawbacks of
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this technique such as the difficulty to reachakiigh vacuum of the order of b Torr at
high temperatures (around 1500°C), limitations @fice geometry due to the lack of back
gate and requirements of a top gate. Neverthelggisaxial grown graphene can be
transferred to Si/SiQor other substrates by using gold/polyimide filasssacrificial layer
[51]. Epitaxial growth of graphene onto SiC is arfavorable technique as a result of its
harsh experimental conditions and graphene qudildy it yields. There are some other
creative and state-of-the-art experimental tectesgio produce patterned graphene layers
such as producing graphene nanomesh and unzippmgre nanotubes [583]. Since
CNTs are basically rolled up graphene sheets, atlshbe possible to unroll them with
several chemical and physical treatments. Jiad.atraipped nanotubes through using
PMMA layer as etching mask and etched multi wallTs in Argon plasma in order to
obtain a several nanometer width graphene nanargldfarthermore transfered them onto
SiO, substrate. Also Raman spectroscopy reveals thailitg and single layer character.
Graphene nanoribbon devices around 6nm wide fabdchy using the unzipping CNT
technique showed promising on-off ratio up to 10@l @ahe technique can be further
improved. Another effective method to obtain graphenanoribbons is to align silicon
nanowires on top of graphene sheets and use theteclaag mask to oxygen plasma[54]).
In this method, silicon nanowires protect underygraphene sheet and leave remaing part
of the sheet exposed to oxygen plasma. Finalljhagticmask nanowires are detached and
removed by sonication. Various sub-10 nm width gesge nanoribbons are obtained. An
explanatory schematic of the technique is showrrigure 3-2. The width of graphene
nanoribbons can be controlled by the diametergleicted silicon nanowires and adjusting
oxygen plasma etching rate. It can be claimed ttiiattechniques brings an alternative to

conventional lithography techniques to pattern geme sheets.
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Oxygen Plasma

V' & /

Sonication

Graphene Nanowire
alignment

Figure 3-2. Schematic of nanowire etching maskriggke in fabrication of graphene
nanoribbons with various widths. Nanowire alignmiakies place in step 2 and patterns
the underlying graphene sheet.By step 4, sonicatears up the patterned surface from
silicon nanowires.
Although thermal decomposition of SiC, mechanie#dctrostatic and liquid exfoliation are
effective technique to produce graphene layersrsédrawbacks make them unfavorable
such as lack of yielding large-area few layers hesmg at high quality, applicability,
controllability of the technique and pre-patternithg substrate in order to have desired,
necessary patterns beforehand. Hence, epitaxialtigrof graphene on a template should
be provided by a more handy growth process. Theggirements can be achieved by the
chemical vapor deposition (CVD) and we will disctigs technique in the next section.
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3.2. Chemical Vapor Deposition of Graphene

Chemical vapor deposition (CVD) of graphene is ailéaand controllable epitaxial
graphene synthesis method to produce large-aredafgaw graphene sheets. CVD is also
used in carbon nanotube[18] and various nanomafenduction[55]. The process consists
of high temperature containing in a hot wall fureand generally flowing H{Hydrogen),
and CH (Methane) or @HsOH (Ethyl alcohol) under certain pressure. Gas moés like
methane and ethanol are carbon feedstock neededrdphitization over the catalyst
surface. Generally, catalyst particles of CVD pescare transition metals such as
Ni,Cu,Co,Pt,Ir which are deposited on a wafer ongy put as large area foils or metal
blocks. Resembling to the growth of Carbon Nanatulmatalyst particles dictate the
growth pattern of graphene in desired geometri¢srohened beforehand and catalyze the
chemical decomposition of carbon feedstock molecatethe surface or within the catalyst
itself. Also, they play the role of support to cambatoms during growth process. Carbon
solubility of catalyst takes a crucial role in tbentrollability of epitaxial growth graphene
layer number. General opinion upon the dynamiasadbon graphitization in catalyst metal
such as Nickel during CVD process was either cagyecipitation[14] or segregation[56].
In 2009, Li et al. illuminated the growth mechanigih CVD graphene on Ni and Cu
surfaces by using carbon isotope labeling in otdetrack down their movement during
graphitization[57]. They concluded that CVD growtti graphene on Ni is a carbon
segregation and precipitation process whereas growtCu is a process based on surface
adsorption. In Ni catalyzed process, carbon atorssdiffuses in metal thin film, segregate
into islands of graphene, and precipitate ontodinéace, on the other hand in Cu case
carbon atoms are attached to the surface to foengitipphene layer and the growth process

is self-terminating which limits the formation ofuttilayer graphene. The main reason of
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self-termination of the growth process on the Qdiese is the low-carbon solubility of Cu.
Once CH diffuses into Cu surface, it catalytically decorsgs and begins to form
graphene islands. When the whole Cu surface isredveith graphene layers, catalyst
particles deplete on the surface and carbon atansot dissolve within Cu anymore
indicating the carbon saturation and low solubitifyCu. Hence, CVD growth of graphene
on Cu is named as surface catalyzed self-termiggtiacess and therefore the thickness of
graphene, the number of layers is much more cdalrel on large scales. Ni films have
higher carbon solubility than Cu, therefore unifognaphene layers are not produced and
layer thickness spatially varies on Ni surface.cdatrol the formation monolayer graphene
sheet on Ni surface, one needs to cool down the @dgess much faster in order to
suppress the carbon precipitation. This method ushhmore difficult whereas CVD on
large-area copper foils seems more reliable andipaly controllable[13]. As an extreme
example to CVD growth of graphene on large areaf&@l) Ahn et al. succeded to
manufacture 30-inch diagonal width of rectangulanoiayer graphene film by[15]. This
development made the monolayer graphene produetmh graphene macroelectronics
accessible on very large scales (e.qg. large display

In this work, we used CVD growth technique in ortielproduce graphene sheets needed
for graphene based field effect transistors. Thecess we carried on to grow uniform
graphene layers is illustrated in Figure 3-3. Towgrgraphene layer onto Cu surface,
process chamber is heated until reached to 1000H@ Argon and Hydrogen gases are
flowing throughout the chamber at 240 sccm Ygar minute) and 8 sccm respectively.
The gas rate flowing into the chamber is adjustedugh using mass flow controllers
(MFCs) shown in Figure 3-4. Sample is annealed@04C for 10 minutes then methane is
introduced to chamber at rate of 5 sccm for 10 tesitio start growth sequence. After 10

minutes of growth, sample is sharply cooled dowrotum temperature. During cool down
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hydrogen and argon gas are flowing at rate of 8nsaod 240 sccm respectively. The
surface morphology of graphene grown on coppetasarfs following the pattern of low

purity (%99.8) copper foils.

a) CH, + H,+Ar flow b)

C+2H,

Graphene

Figure 3-3. Schematic of CVD graphene growth preams copper foil. a) Methane
Hydrogen and Argon gases are flowing into the chemalb furnace at ambient pressure
b) Chemical decomposition of carbon atoms occurO&0°C, methane decompose into
carbon and hydrogen gas c) carbon atoms are adsormehe catalyst surface and
graphene islands start to grow.
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CVD system that we used in our laboratory is showrrigure 3-4, Protherm furnace
containing 180 cm long quartz silica tube is ladeds 1, it is able to reach up to 1100°C
temperature by a speed of 8°C per minute. Vacuangé is labeled as 2 and MFCs for
Hydrogen, Argon and Methane is labeled as 3 irFibare.

b)

Figure 3-4. General view of CVD system equipmea}sCVD system consisting of
guartz silica tube, Protherm furnace (1), Vacuuange (2), Mass Flow Controllers
(MFCs)(3). b) Close-up inside of the furnace. @gelup MFCs. All photos are
courtesy of Emre Ozan Polat.
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CVD growth sample of graphene on top of copperamari~1crf) can be seen in Figure 3-
5. After growth copper surface becomes shiner tiefore growth process. Post treatment
of the graphene sheet starts with transferring BitSiQ surface. Polymethylmethacrylate
(PMMA) solution is deposited onto of Cu/Graphenefare and cured at 120°C for 1
minute. The process continues until PMMA propedere to the graphene surface. Then
Cu/Graphene/PMMA is released to 0.05 g/ml Fe(ld)&dlution to etch the Cu surface
After staying for ~4 hours of Cu etching, samglg@ulled from the Fe(lll)Glsolution and

rinsed in de-ionized water. Graphene/PMMA sampltéés transferred to Si/SpQurface.

a)

SiO.

Figure 3-5. (a)As-grown graphene on copper surfem@pare with clean copper foll
surface. (b) Transferred graphene to SifSirface, color contrast indicates a few-layer
graphene flakes.
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GraEhene PMMA etching l Graphene
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Figure 3-6.The schematic of graphene transfer 8il®10,. After graphene growth on
Cu, PMMA is cured onto the Cu foil and sample isipto 0.05 g/mL Fe(lI)
solution. PMMA/Graphene composition is transferoetb Si/SiQ surface by applying
a mechanical force onto the surface. Finally, PMidAatched away by acetone and

isopropyl alcohol.
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Transfer of graphene procedure can be better cdrapded by following the schematics in
Figure 3-6.

SiO, surface is highly flat and smooth whereas surfaafeboth Cu foil and as-grown
graphene are rough enough to have large corruggd®h PMMA follow the same surface
topology as well and becomes even rougher aftexdcat high temperatures. As a result of
that large gaps are formed between graphene angsbi@ace causing cracks and leaks
during transfer process. In order to prevent thisfollowed the same procedure as Li et al.
which is depositing PMMA on transferred graphendame and curing it at 150 °C[59].
The second PMMA treatment is needed for relaxirguinderlying rough graphene sheet in
order to avoid cracks due to large gaps underneath.

Graphene transfer to SiQprocedure might potentially damage graphene sHaetto
cracks formed on graphene surface and deterioratéceal performance significantly.
Therefore, other methods should be investigate@liminate transfer process and its
negative effects on device operation process. Altegrto Ismach et al. graphene can be
directly grown onto Si© by dewetting of deposited Cu on Si/gi®urface [60]. This
procedure is based on normal vacuum (100-500 mToOwP growth process on Cu
deposited Si@surface for several hours (15-420 mins.). As alted that, Cu dewets as a
“finger-like” structure (see Figure 3-6) from Si®urface and grown graphene is directly
adhere to the insulator surface. However, the ntetfeeds to be improved if higher quality
and less defected graphene sheet is desired todotydtransferred. Figure 3-6 shows the
graphene sample for which we applied direct CVDcpss. The thickness of Cu layer is
between 100 nm and 150 nm. One can see the evolotithe surface morphology and
dewet finger-like shaped Cu surface after 30-45smand 90 mins. of CVD at ambient

pressure. This method basically eliminates Cu etgrhind graphene transfer to a dielectric
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surface. Hence, Direct CVD is a promising methodyiaphene based device fabrication

and electronic performance enhancement.

Figure 3-7. Dewetting process of Cu evaporateds0i0, surface. (a)-(b) Surface
morphology after 45 mins. of CVD. (c)-(d) after 8tns. of CVD. Finger-like pattern is
becoming less dense with increasing quantity ofel@wepper.
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Raman Spectroscopy of Graphene

4.1 Raman Scattering

Raman scattering is basically phonon creation artélation [21] in a crystal structure due
to inelastic scattering of a photon by that crystat o, k be the wave frequency and
vectors of incident photonsy’, k* be wave frequency and vector of the scatteredopisot
ando, K be wave frequency and vector of the created orhdated phonon. The allowed
transitions between states for the first order Raeféect araw = w” + 0 andk = k' + K.
The order of Raman process is proportional withpthenon number involved in scattering,
e.g. in second order Raman process two phononsaoé/ed in the scattering of one
photon. To activate Raman scattering in a moleqaé&grizability plays an important role.
Strain induced electronic polarizability on a mailecactivates the Raman effect on that
molecule or crystal concerned. Assume that polbiiipa o is a function of phonon mode
and can be written in a power series of phonon nag u:

x=0Co+0¢; U +0¢; u? + -
Let phonon amplitude be(t) = uycos ot and electric field component of the incident
photon E(t) = Eycoswt, then the induced dipole moment of the systenhédfitst degree

is given as follows:
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P(t) = aE(t) and therefore the induced electrical dipole monmenthe first order Raman
process becomes to the form® = (a,u)E,cosat = %aluoEO [cos(a)+ o)t +cosw- a)t]

This equation suggests that two photons can betezinéfter scattering takes place, a
photon at frequency + ¢ and a photon at frequenay- 6. The photon ab + ¢ represents
the Stokes line and photon at - ¢ anti-Stokes line. Stokes process correspondsdaogh
creation inside the crystal by the scattering afidant photon and anti-stokes process
corresponds to phonon annihilation.

a)

o, k

o, K

o,k
o, kK

o, K

Figure 4-1. Raman scattering processes corresppmalif@) Stokes, (b) Anti-Stokes
process
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In graphene lattice, stretching of C-C atoms alangoonds create strain induced
polarizability and causes to break hexagonal symyjtdt]. This polarization makes
graphene surface Raman active. There are six phdispersion branches, 3 of them are
acoustic and 3 are optic phonon branches. Deperatintpe direction of the C-C atoms
(noted as A and B atoms in Figure 2.3), vibratipagpendicular and parallel with respect
to A-B carbon atoms orientation are respectiveliedaransverse and longitudinal phonon
modes. Two out of three optic phonon modes areswese; one corresponds to in plane
and the other one to out-of-plane vibrations. Remgi one optic phonon mode
corresponds to longitudinal mode. Likewise, two tbé acoustic phonon modes are
transverse corresponding to in- and out-of-plankerational phonon modes and the
remaining one is longitudinal acoustic mode[62]e3& dispersion curves are important for
detecting Raman active modes which give rise tcersdvRaman peaks of graphene.
Especially, phonon modes in the vicinity of K symrgepoint (see Figure 2.3-b) is
important by means of double resonance process[@id. significant character of atom
thick layer of graphene in Raman spectroscopyaspshorentzian peaks appearing at 1582
cm' and 2700 cil so called G-band and G’-band respectively. Thirakp&ppearing at
1350 cm' with lower intensity is called D-band addressingodder induced Raman
signals. The G-band corresponds to the in-plameswexrse and longitudinal optical mode,
aroundI” point, therefore these are the Raman active phomoties occurring as a first
order Raman process, whereas D and G" bands aomdsewder Raman scattering
processes involving a double resonance (DR) procEss double resonance process
includes scattering of two phonon inside the baumpaf the first Brillouin zone around K
and K" points which are related to each other witlie reversal symmetry[62]. Basically in
DR process, laser induces excitation of an eledae pair in the circle around K point,

then electron is inelastically scattered by a pmowdh momentung. The electron is back
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scattered to the previous energy state by a phaiitnmomentum-2q. Therefore, these
momentum vectors cancel out each other and eleetrots a photon by recombining with
the hole in previous energy state (see Figure 42m kinematical point of view, in both
first order and second order Raman processes ersmidymomentum are conserved
quantities.
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a) b)
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ana p ITO Phonon
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Defect

ITO Phonon

Figure 4-2. (a)The first order G band Raman progéesdepicted. Laser induces an
electron hole pair and G band phonon is genergt®d.The second order double
resonance (second order) G* band Raman procesteébalectron is scattered by in-
plane Transverse optic phonon modes. (c)The seoatel double resonance (second
order) D band Raman process. Momentum is consearvdmbth (a) and (b) type of

Raman process whereas momentum is not conserygdaass (C).
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Importance of the G"-band in Raman spectrum oftggap is that the number of layers in a
graphitic structure can be deduced from the fullttviat maximum (FWHM) of G” band
peaks which is around 24 €m

4.2.Raman Spectrum of CVD grown single layer graphene

D, G and G” bands are generally characterizing lgma@ layer both quantitatively and
qualitatively. Intensity ratio of D band over G loa/lg, shows us the general quality of
graphene layer. Since D-band spots the defectivé gia graphene layer, the more
disordered graphene structure is the more D-banthaRasignal intensity will be.
Therefore, b/l ratio should be minimum (preferably zero). Anotimaportant feature of
graphene Raman spectroscopy is the G” band widtienlerally indicates the number of
graphene layers. As the number of layers increabasp Lorentzian peak of G band
becomes wider and FWHM of the peak increases[G®heSresearchers articulate that the
I6/l ratio is as important as FWHM of G” band for thdgment of number of layers, also
for the quality of graphene layer and this ratiowdd be less than 1 in order to have a high
quality graphene layer [60]. However, this poins mot been clarified yet and there is no
concrete background in Raman literature to expfigtove the correlation betweed/lls-
ratio and quality of graphene layer.

The Raman spectrum of the graphene layer growrhioncbpper foil in our CVD system
can be seen in Figure 4-3. Here the Raman spedftine sample grown at 1000°C with 5
sccm of methane, 8 sccm of hydrogen and 240 sccangoin gas flow for 10 minutes at

ambient pressure.



CHAPTER 4.RAMAN SPECTROSCOPY OF GRAPHENE 36

a) b)
' 40000 [

35000 -
30000 -

25000 -

20000 -

25000 +

15000 20000 [

Intensity(a.u.)
Intensity(a.u.)

15000 +
10000 -
5000 - g 5000 |

10000 +

. . . . . o ) ) ) ) )
0 1000 2000 3000 4000 1000 1500 2000 2500 3000 3500
Wavenumber(cm'w) Wavenumber(cm'w)

Figure 4-3. The Raman spectrum of (a) Graphenepper foil, (b) Graphene
transferred to Si/SiPsurface.

Here couple of distinct features of Raman spectnfmransferred graphene explicitly
shows us that the graphene layer is mostly fewrlayece (1) FWHM of G” band is ~46
cm?, (2) the intensity of the G peak is larger thBnband and (3) the spectral shape of
G’ band is Lorentzian. Furthermorg/lk- is less than 1 which is also an indication forfew
layer graphene formation on the substrate conceiMedeover, Raman spectrum shows a

low Ip/lg addressing the quality and absence of large afeztd on the graphene sheet.

We have optimized the growth conditions by lookatgthe Raman spectra of the grown
samples. The growth temperature, time and theofaftew of methane and hydrogen plays
the critical role for the optimum growth of a feaykr graphene. Figure 4-4 shows the
effect of flow of methane during the growth proceBlse growth time and temperature is
kept at 5 min. and 100, respectively. The flow of CH4 is scanned fromst@m to 40

sccm at ambient pressure. By looking at the intgrdiD band and G™ band, it can be seen
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that the optimum rate of flow is around 15-20 sc@enerally, the optimum CVD growth
sample is lumping around 1000 °C whegéld is low, s/l and FWTH of G” indicate
lower number of graphene layers. Comparing theityuaf these samples by means of
CVD growth parameter opens up the possibility tdlyficontrol the CVD process
parameters and obtain the optimum conditions tovgatmost defect free single-layer
graphene sheet. Hence, Raman spectroscopy is argadohap to find the optimum CVD

growth parameters.

1.0 - ——10Scem CH, |

| —— 20 Sccm CH4 i
0.8L ——40Sccm CH,| |
—— 15 Scem CH4 |

0.6

0.4

Intensity(a.u.)

0.2

0.0

1 1 1
1000 2000 3000
Wave number(cm™)

Figure 4-4. The Raman spectrum of graphene sargpbes by different flow of
Methane gas. Higher quality samples are yieldéddsn 15 and 20 sccm flow of GH
CVD is carried on at ambient press|
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The growth temperature is another important growHrameter. We grew graphene
samples with different growth temperature. Figure ghows the Raman spectrum of the
samples. The growth temperature of 10@0provides the lowesisllg ratio and lowest

Ip/lg ratio which indicates the lowest concentratioefects.

1.0 1050C

Intensity(a.u.)

0,0 : ! :
1000 2000 3000
Wave number(cm™)
Figure 4-5. The Raman spectrum shift as a funaifagrowth temperature. As it can

seen in the plot, the high quality graphene shiemtrifp generally occurs around 1000
°C.
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Figure 4-6. The Raman spectrum shift as a funafarowth duration. Red,Blue and

Black peaks are for 10 sccm ¢ftbw. Cyan and Orange peaks are for 40 sccm CH

flow at 1000°CCVD is carried on at ambient pressure.

Figure 4.6 shows the effect of growth duration. ghawth is start by flowing methane and
stopped by termination of the flow. The growth dimf 5-10 min. provides the optimum
graphene samples at 108D and at the ambient pressure. In all Figures 48 and 4-6 it
can be seen an attempt to optimize the graphere ¢apality and number. The experiment

which has the Raman spectrum given in Figure 4-4aisied on for finding optimum
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carbon feedstock (here, Methane) flow quantity ebieeping other CVD parameters
constant such as pressure at ambient, growth dorati 5 minutes and temperature at
1000°C. Here on this point, Raman spectroscopyrmétes how varied and constant

parameters effect defect formation and numberyaraon graphene surface.



Chapter 5

Fabrication of Graphene Based Field Effect Transisir

5.1. Field Effect Transistor Fabrication

Graphene based field effect transistor fabricasitarts with the transfer of graphene onto
the Si/SIQ (see Figure3-5c). After characterization of grajghen dielectric surface, we
pattern the device template (Si/QiG graphene) by conventional pholithography
techniques. This process begins with photoresistiimp on the template surface by
AZ5214E and spinning the sample at 5000 rpm. fos&bnds. Then, the sample is hard
baked at 110°C for 50 seconds like in most photdjtaphic processes. Sample is exposed
to U.V. for 120 seconds in order to pattern theteteles of the device by using DC device
mask in Karl-Suss mask aligner. Photoresist residudeveloped away by AZ5214E
developer. As a result, source and drain padsatterped on graphene/SiMetallization

of S/D pads is performed within the box coater;akd Ti respectively on the thickness of
50 nm and 5 nm are evaporated on the patternedcguviith evaporation rate of 0.5 nm/s
and 0.2 nm/s. Post-treatment of evaporated sarapiftimg-off Ti/Au in acetone from the
sample surface in order to complete the metalbratiThe isolation layer protecting the
graphene layer in the device area should be patidoefore reactive ion etching (RIE) of

residual transferred graphene. Therefore, thetisoldayer is patterned by using AZ5214E
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once again, exposed to U.V. for 40 s. and develdped2 minutes. Finally, residual
graphene is etched away by RIE with 100Wplasma for 1 minute. Device geometry and
actual device can be seen in Figure 5-1. SourceDaath pads are coated with Ti/Au and
graphene layer is located between them (see Figaiy.

The probe station that we intended to measurergakicapability of the graphene DC
FETs did not allow us to practically connect everigrometer scaled device on the probes
for back gate bias; therefore we used conductivexypo connect the whole wafer
containing DC FETSs. Silver conductive epoxy is eron by curing adhesive flakes at
around 100°C for 30-45 minutes. The bonded rededablhe DC device wafer can be seen
in Figure 5-1a.
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Source

Figure 5-1. Real image photos and device schemoftie graphene DC FET. (a) Close-
up to graphene based FET, Total area of pattereeides is ~3.75 ciBack gate is
implemented by conductive epoxy for measuremermqae (red cable embedded to
upper part of device) Microscopic image of a dewinghe wafer is shown. Graphene
layer can be recognized from the contrast betwé&®p &1d graphene Device photo is
courtesy of Emre Ozan Polat (b) 3D schematic ofgtlaphene device geometry.
Courtesy of Ertgrul Karademir.
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Graphene

Source Drain Back Gate
l Spin Coating of PR Gra!Ehene /
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Graphene
RIE with O,

U.V. Exposure GraEhene

T PL of Isolation Layer

GraEhene
T Lift-off

Metallization -

with Ti/Au Graphene
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Figure 5-2. Fabrication process of graphene ba&dd Fransferred graphene to
dielectric surface is patterned by photolithograpfye photomask selectively transmits
U.V. rays to pattern the DC device geometry. Ti Ands evaporated onto the patterned
graphene surface, then sacrificial photoresistriaykfted off by acetone. In order to
obtain graphene layer only between source and geads, an isolation layer is pattern:
by photolithography. Finally, remaining part of ghene outside the isolation area is
etched away by reactive ion etching with fllasma.
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5.2. Performance of DC Field Effect Transistor

The electrical measurement of our fabricated graphmased device is performed on probe
station of brand named Alessi. We used HP 4241Bcssmuctor parameter analyzer to
measure the electrical performance of the fabritdevices. The device that we measured
has channel-length of 8um. First of all, we checkéether the device has a gate leakage.
The gate currentslvs. the gate voltage d/characteristics of the device showed us that it
has almost no gate leakage (The gate current & tlemn 1nA). Transfer and output
characteristics of a device provide the informatamout the device performance and
quality of the graphene layer.

The transfer curve of the device can be seen iar€ig-2. We sweep the gate voltage from
-90 V to +90 by keeping the drain bias at 1V. aodrse bias at OV. The Drain current as a
function of gate voltage is plotted in Figure 5Eain current of 250 A is obtained at the
on state and 100pA is obtained at the off statee ¥ansfer curve shows a moderate
modulation of the drain current with ag¥/lo¢ of around 2 which indicate that the graphene
is only a few layer. Single layer graphene shouti/jole L/l more than 3.

The output characteristics of the device are meakshy sweeping the drain bias between -
10V to 10 V for a constant gate voltage. We repleatdrain voltage sweep for 11 different
gate bias (ranging between -90 V to 90 V) to obthefull output characteristics. Figure
5-3 shows the measuregV curves of the device with a channel length8pfm and
channel width of 100 um.
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Figure 5-3. The transfer characteristics of thei€abed graphene based back gated field
effect transistor. The transistor has a channgjtteaf 8um and channel width of 100
pm. The curve is obtained for a drain voltage of Tkfe highly doped silicon substrate

is used a global gate electrode.
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Figure 5-4. The output characteristics of the fedied graphene based back gated field
effect transistor. The transistor has a channgjtkenf 8um and channel width of 100
pum. The drain voltage sweep is repeated for 1difft gate voltage ranging between -
90V to 90V. The highly doped silicon substratesed a global gate electrode.



Chapter 6

Investigation of High Frequency Performance of Grapene
Field Effect Transistor

This chapter will be submitted to Applied Physicesters under the name “Investigation of
High Frequency Performance of Graphene Field Effeahsistor Using a Self-Consistent

Transport Model” Erga Pince, Cekun Kocaba.

Recent advances of chemical vapor deposition oblggmae on large area substrates[13]
stimulate a significant research effort searchiagrfew applications of graphene in the
field of unusual electronics such as macroelectsjfid],. Graphene can function as an
effective semiconductor or a transparent conductiogting for large area displays and
photovoltaic devices. Recent developments in sgatih graphene films open up new
opportunities for flexible electronics. Extremelygih field effect mobility of graphene

together with the large area deposition processidcprovide alternative solutions for the
challenges of traditional organic materials. Operaiat radio frequencies is one of the
main challenges of the organic based field effesntdistors owing to the poor field effect
mobilities of organic semiconductors. Thereforeigatlequency analog electronics could

be an immediate high-end application of graphene.
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In this chapter we provide a framework based oaralytical model for understanding the
design considerations of the graphene based ttarssisperating at radio frequency band.
Although high frequency analog electronics is alwedtablished field for inorganic
semiconducting materials, the effects of unusuahgport properties of mono-atomic
graphene sheets at high frequencies are widelyawknRecent experimental studies show
several demonstrations of graphene and carbon uiamoarrays for high frequency
operation[65[8][40]. Cut-off frequencies of 10 GHz for carbon nare
arrays[40T18][16] and 100 GHz for graphene[8, 9] have been aelie Using critical
design considerations, these values can be advdrycediers of magnitude. There is little
in the literature that provides a simple yet quatitie model to analyze the critical design
considerations of radio frequency operation of beaqe based field effect transistors. This
work is aiming to develop an analytical model tsiga a graphene based RF transistors

based on diffusive transport governed by the cltanggurity scattering.

6.1 .Introduction

A schematic representation of a model RF transistshown in Figure 6-1. The transistor
consists of a graphene layer printed on an insijatubstrate (e.g. quartz or sapphire). The
source and drain electrodes are formed on the greplayer. A thin layer of dielectric
material functions as a gate dielectric for thédfieffect transistor configuration. The gate
electrode is formed on top of the gate dielecirius electrode is registered with the source
and drain electrodes in such a way that the parasdpacitance and resistance are

decreased.
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A typical layout (common drain) of a RF transistomore complicated than the schematic
shown in the Figure because electrical measurenwnteese type of devices requires
passive coplanar waveguide probes (ground-sigmalrgt configuration, GSG). The heart
of RF devices however is the same with the diagfeanthe model, the dielectric thickness
is 50 nm and the channel length and width are 1 Here, we consider the transport
mechanism governed by the charged impurity scaggeawing to the presence of the
charged impurities on the substrate and the gatlealiic. The dielectric constant of the
surrounding medium (gate dielectric and substratejtrols the effects of the impurity
charges on the graphene layer. High-k dielectri¢enals (e.g. HfQ) concentrate the
electric field in to the dielectric material andloee the formation of residue charges on the
graphene layer. Fang et.al[66, 67] confirmed thfecefof the charge screening on the
charge mobility of the graphene[67]. Recent experital results also agree with charge
mobility lowering of graphene device by increasicigarged impurities with potassium
doping[68]. For the top gate configuration, botlhstuate and the gate dielectric determine
the effective dielectric constant. Therefore, théstrate should have high dielectric
constant or has to be coated with high-k matesiath as Hf@ A quartz wafer coated with

a thin layer of HfQ, grown by atomic layer deposition, could be a gsothstrate for

graphene based RF transistors.
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Figure 6-1. (a) Layout of a graphene based radiquency transistor with a channel
length Lc and channel width W. (b) The calculat tsidue charges as a function
of charged impurity concentrationyp for two different dielectric material HfCand
Si0, . (c) The conductivity of graphene layers as a fimncof gate voltage. The

charged impurity concentration is scanned from ** cm?to 10x1(! cm@.
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6.2 A Self-Consistent Transport Model

Here, we consider the transport mechanism govebyethe charged impurity scattering
owing to the presence of the charged impuritiethensubstrate and the gate dielectric. The
dielectric constant of the surrounding medium (g#itdectric and substrate) controls the
effects of the impurity charges on the graphenerlaidigh-k dielectric materials (e.g.
HfO,) concentrate the electric field in to the dielecinaterial and reduce the formation of
residue charges on the graphene layer. Fang &t. &g confirmed the effect of the charge
screening on the charge mobility of the grapherje[Récent experimental results also
agree with charge mobility lowering of grapheneide\by increasing charged impurities
with potassium doping[68]. For the top gate configion, both substrate and the gate
dielectric determine the effective dielectric camdt Therefore, the substrate should have
high dielectric constant or has to be coated withtk material, such as HEOA quartz
wafer coated with a thin layer of H§Ogrown by atomic layer deposition, could be a good
substrate for graphene based RF transistors. Tagehransport mechanism of single
layer graphene has been the focus of various ttiemlreand experimental studies. The
unigue band structure makes graphene unlike ther @b confined electronic systems. In
the present analysis of the radio frequency deweegonsider a self-consistent transport
model developed by S. Adamt al. based on a charged impurity scattering. This model
explains the most of the observed electrical bedrasfi graphene sheets, e.g. non-universal
minimum conductivity and ultrahigh mobility of suespded graphene layers. The beauty of
the model is that it requires only a few empirjgatameters, density of charged impurities
and the distance between the impurity and graplasms and the dielectric constant of the
surrounding medium. The distance of charged imiggribetween graphene is effectively

located around 0.1-1 nm from the graphene sheetd@] have analyzed the frequency
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response of graphene devices in three steps. Fisthave used the self consistent
model[43] to calculate the residue chargeson the graphene layer (Fig. 6-2b). After
calculating the conductivity from the residue clesgthen we calculated the drain current
at a given bias condition using a 2-dimensional F&ddel. Scanning the gate and drain
bias voltages we obtained the transfer and outpites of the device. Finally using the
outcome of the device model we calculate the maminmansconductance which provides
the highest frequency response point. The resitaeges on graphene layerdepends on
the charge impurity concentration and the dieleatanstant of the gate dielectric and the
substrate. Figure 1.b shows the graph which praviie self consistent solution of the
residue charge for SgOand HfQ gate dielectrics. SiOprovides 6 times more residue
charges on graphene layer than Hf@wing to the low dielectric constant. Having
calculated the residue charges, we have calcutheedonductivity of the graphene layer as

a function of gate voltage by Equation 6-1 [43].

20e?n*
if n—-n>n*
B h imp if n—-n
cn—n) = R 6-1
( ) 20e?n*  if n—i>n* (6-1)
hnimp
— nimpz . . .
wheren = — . Here the carrier concentratian on the graphene layer is used as

n=C,V, whereC is the gate capacitance avgis the gate voltage. Figure 6-1c shows

the calculated conductivity as a function of theéegeoltage for impurity concentrations
ranging from 2x18' cm? to 10x16* cmi®.
For a bias point, the carrier density changes fametion of position along the graphene

layer. Knowing the gate voltage dependence of tdmlactivity, the carrier density can be
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calculated as a function of position. We have aergd the constant contact resistaRge
of 1.2 K between the source/drain electrodes and the gnaplager. For 2-dimensional
FET, the drain current is written as [70]

W L W ¥-Riyq
| T [ a(x)E(x)olxzfc o oV (6-2)

Whereao(X) is the conductivity ané&(x) is the electric field along the graphene layerthwi
a change of variable including the voltage dropshat contacts, the integral becomes a
simple transcendental equation. Solving this trandental equation using the conductivity
values calculated by Eq.(6-1) provides the drairresu for a given biasing condition.
Figure 2a and 2b show transfer and output curvesdsfvice with a channel length of 1 pm
and channel width of 1 pm. In this calculation wavd used a 50 nm Hi{Cas a gate
dielectric with a dielectric constant of 16. Foreske calculation, the only empirical
parameter that we used is impurity concentratiorthendielectric and contact resistance

between the electrodes and the graphene.
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Figure 6-2 (a) The transfer curves for a graphene FET withannoel length of 1 um
and channel width of 1 um. The gate dielectric Usethe calculation is 50 nm HfO2.
A clear ambipolar behavior and current saturatiecalise of contact resistance is seen
on the transfer curves. The Dirac point shiftss@dunction of drain voltage. (b) The
output curves of the same device for the gate geltange from 0V to 1.2V. The
curves in (a) and (b) are calculated for for n=4Xb0” . (c) The transfer curves for
the device for different charged impurity concetitras at a drain voltage of 0.6 V.

(d) Calculated maximum transconductance of theogeas a function of charged
impurity concentration.
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This framework allows us to analyze the effecth& gate dielectric material on the device
performance. Figure 6-2c shows the calculated feasirves for different charge impurity
concentration. The Dirac point shifts to the leigkioltages and the on/off ratio increases
with increasing charge impurity concentration. Tdrgoff ratio of the devices increases
from 1.7 to 3.0 as the impurity concentration isses. Dependence of on/off ratio on the
impurity concentration can be understood from teerelasing of minimum conductivity of
the graphene layer as the impurity concentraticcresmses. This behavior provides a
tradeoff between transconductance and output assist for the high frequency

performance.

6.3 RF Device Performance

Cutoff frequency is defined as the frequency whhbeecurrent gain is 0 dB. After cutoff
frequency the drain current due to the modulatibrihe channel is less than the gate
leakage current. Gate capacitance and the smailblsigansconductance of a device

determine the cutoff frequency of a devicefas g,,/27C, . Figure 6-3d shows the

calculated maximum transconductance of the devidetlae associated cutoff frequency as
function of charged impurity concentration. Thegil@t plate gate capacitance used for the
calculation. Cleanest samples with charged impustiels of 2x18" havef; around 25

GHz for 1 um channel length. The calculated cuti@fuency decays down to 18 GHz as

we increase the charged impurity concentration.
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Figure 6-3(a) The simplified small signal circuibdel for of the graphene FET. Here
gm is transconductanceg, R output resistance ¢ drain resistance angdds the
intrinsic gate-drain capacitance. (b)The outpuistaace calculated from the output
curves (inset in (b)) for different impurity condgation raging from the cleanest to the
dirtiest sample. (c) Two-dimensional map of smahal power gain of the device.
The x and y axis represents gate and drain voliagsgectively. (d) Maximum
available gain of the device as a function of ckdrgnpurity concentration.
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A small signal circuit model for the graphene desids presented to understand the high
frequency performance. A simplified small-signalieglent circuit model of a graphene

device is given in Figure 6-3&Cy, Om, R4 and Ry represent gate-drain capacitance,
transconductance, drain resistance and the ougsigtance of the device round a bias
point, respectively. We have not used the sourte-gapacitance because it will be much
smaller than the drain-gate capacitance at theaain regime[18]. Graphene FETs have
very small on/off ratios owing to a large minimurmnductivity at the Dirac Point. This

minimum conductivity limits the output resistancetbe device. The output resistance,

1
a,
av, ),

the signal amplification. Figure 6-3b shows thepotiresistance as a function of the drain

defined aRR, = , plays a critical role in the high frequency opienra especially for

voltage. Large output resistance (~30)lcan be achieved at a very narrow range of drain
and gate voltages. The knowledge of output ressetamd transconductance provides the

power gain of the device. Power gain of a transistged as an amplifier is another
important parameter for high frequency operatidPower gain is defined a& = g,,R,
wheregn, is the transconductance, aRg is the output resistance. The highest available
gain for a device with a given impurity conceniatis given in Figure 4d. A gain of 45

can be achieved for the impurity concentration ato2x13'cm?.
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6.4 Results and Discussion

The most striking point here is that even devicék @& very poor on/off ratio can provide
power gain at suitable. The results reveal thaplygae transistors can be used for RF
power amplifiers.

In this work we provide a simple yet quantitativarhework to model the high frequency
performance of graphene based field effect tramsisfThe model uses a self consistent
charge transport mechanism based on a charge iymmeattering. The effect of contact
resistance, minimum conductivity and gate dielectis studied. Basic device
considerations for analog electronic applicatiomshsas output resistance and power gain
are discussed. Although graphene has very unusyéted performance, radio frequency

analog electronics could be an immediate high-g@pdiGation of graphene.



Chapter 7

Conclusions and Future Work

In this work, we studied the chemical vapor depasitof graphene layers on copper
substrates. The characterization of the grown gmaplsamples were performed by Raman
Spectroscopy. We also developed a transfer pgntathnique to transfer the grown
graphene layers on a dielectric substrates suduadz. Graphene layers on dielectric
substrate allowed us to fabricate field effechsiators. Graphene based back gated FETs
were fabricated and their electrical performancesHaeen characterized.

Also, we investigated high frequency limits of thi@phene based devices by exploiting a
self-consistent transport theory in graphene. ®salts showed us that graphene is very
suitable for high-end applications and can be @sea RF power amplifier.

By this vision, in near future we are going to sl the fabrication of graphene based
high frequency operating device. Afterwards, wd vakearch the area of graphene based

devices which can fully operate in RF region antia@pplications will be studied.
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