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Tyon tavoitteena oli tehda kirjallisuuskatsaus grafdemsistoreista ja mallintaa
Aalto Yliopiston Nanoteknologian tutkimusryhméan valmaistia grafeeni-
kanavatransistoreja (engl. field-effect transistor).

Tyon alkuvaiheessa havaittiin, ettd kirjallisuudesta ty§y muutamia grafeeni-
kanavatransistorimalleja, jotka pohjautuvat puolijokeieavatransistoreihin. Tydssé
mitattiin grafeeni-kanavatransistorien DC-kayttaytgtai ja tarkoituksena oli tehda
radiotaajuusmittauksia SiC-grafeenitransistoreisted S8VD grafeenitransistoreista
Radiotaajuusmittauksia ei kuitenkaan kyetty tekemaant&iasistoreista, koska tran-
sistorien kontaktiresistanssi oli liian suuri ja nain allkatkotaajuus liian alhainen.
CVD-grafeenitransitoreille tehtiin S-parametrimittzek ja laskettiin piensignaali-
mallin parametrit. CVD grafeenikanavatransistorien kédkjuudeksi saatiin 80 MHz,
joka on samaa suuruusluokkaa laskennallisen katkotaajukahssa.

Tyossa kaytettiin jo olemassaolevaa mallia transisto@garametrien, varauksenkul
jettajien liikkuvuus, jaannosvarauksenkuljettajatiigg kontaktiresistanssi, selvit
tamiseksi. Mallille suoritettiin validointi (engl. k-fdlcrossvalidation).
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The goal of this master’s thesis was to write a literatureeypf graphene transistor
and to measure and model the graphene field-effect trarsi&®-ET) fabricated by
Nanotechnology research group at Aalto University.

Direct current (DC) and radio frequency (RF) measuremerggewerformed or
graphene field-effect transistors to find out the DC and Ripgnites. Two sets 0
GFETs were measured, first chip was fabricated with SiC maad the second wit
CVD process. The SiC GFET impedance levels were too high tsare RF prop
erties. RF-measurements were performed on CVD GFETs. THe GNET cut-off
frequency was found to be approximately 80 MHz, which is i $hme range as th
calculated cut-off frequency. MOSFET small-signal modakwised for GFETs an
the model parameters are presented.

The results of the DC measurements were analyzed and thevasifdated according t(
an existing device resistance model. The curve-fit to taaia® resistance gives es
mations on parameters such as contact resistance, residuge carrier concentratig
and conductivity mobility. The model was validated usinfpld cross validation.
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Symbols and Abbreviations

Symbols

i Conductivity mobility [cn?/ Vs]

UFE Field-effect mobility [cni/ Vs]

Lef Effective mobility [cn?/ Vs]

p Resistivity, sheet [Ohm]

Q Optical phonon frequency [Hz]

R Model predicted resistance [Ohm]

h Reduced Planck constant 1.054873* m2kg/s
Cy Quantum capacitance [F]

Cos Oxide layer capacitance [F]

Cra Top-gate capacitance [F]

E Electric field strength [V/m]

fi Cut-off frequency [HZz]

fmaz Maximum frequency of oscillation [Hz]

94 Drain conductance [S]

Im Terminal transconductance [S]

Ion/Ioss Current on-off ratio

kg Boltzmann constant 1.3806508) 2 m? kg s 2 K~}
L Gate length [m]

n Charge density/doping concentration [cth
no Residual carrier concentration [cr]

Nyq Number of squares: L/IW
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Abbreviations
ALD
CMOS
CVvD
DC
DLC
DOS
GFET
GNR
IQR
ITO
LCAO
MSE
NEMS

Total charge carrier density [cT¥]
Elementary charge, 1.602~'° [C]
Charge density [C/A}

Channel resistance [Ohm]
Contact resistance [Ohm]

Total resistance [Ohm]
Temperature [K]

Fermi velocity, 1/300 of the speed of light [m/s]

\oltage over the quantum capacitance [V]

Top gate voltage at minimum conductance point [V]

Drift velocity [m/s]
Saturation velocity [m/s]
Top-gate voltage [V]

Gate width [m]

Atomic Layer Deposition
Complementary-metal-oxide semiconductor
Chemical Vapor Deposition

Direct Current

Diamond-like carbon

Density of States

Graphene Field Effect Transistor
Graphene nanoribbon

Interquartile range

Indium Tin Oxide

Linear Combination of Atomic Orbitals
Mean squared error

Nanoelectromechanical System



QHE Quantum Hall Effect

RF Radio frequency

SiC Silicon carbide

SSE Sum of squared error

TBA Tight Binding Approximation
TLM Transmission Line Model

VNA Vector Network Analyzer



Chapter 1
Introduction

Graphene has been a purely theoretical form of carbon fadier It wasn’t until the year
2004 that Andre Geim and Konstantin Novoselov managed tym@graphene flakes with a
techniqgue called mechanical exfoliation. Geim and Nowmselere awarded the Nobel Prize
in Physics in 2010 for their discovery of graphene. Itisréfiere, easy to claim that 2010 has
been the year of graphene. In 2010, around 3000 graphenedeldicles were published
and roughly 400 patent applications filed. According to @&n¢cews article in Naturél[1],
South-Korea is planning to put 300 million US dollars in coermializing graphene. New
graphene related discoveries are in nanotechnology nemastlevery other day. Keeping
up with the pace of progress in the graphene research fielettimg quite exhausting, and
the pace of new discoveries shows only slight saturation.

Graphene is a single layer ofsponded carbon atoms, that are packed in a honeycomb
lattice [2]. The name graphene is sometimes misleadingdg wgth multiple layers, even
though the variation in properties is quite significant wigeimg from one layer to several.

It should be noted that multilayer graphene can have up tdaygsrs, and still be called
graphene. Few layer graphene (FLG) has three to nine laydrs.limit where graphene
becomes graphite is ten layers.

The atomic structure of graphene gives rise to exceptidaetrecal, optical, mechanical and
thermal properties [2]. The most interesting electricalpgarties are high electron mobil-
ity and ballistic transport of charge carriers. Howeveesth properties come with a twist;
graphene is zero-bandgap semiconductor, or semimetal.latheof bandgap in intrinsic
graphene is perhaps, together with large scale manufagtuhie most difficult engineering
issue. The zero-bandgap means that graphene cannot baexvitom conductive state to
non-conductive state. The lack of a band gap is a problemagtgene is to be used in logic
circuits in much the same way as silicon is used today as theriakin complementary
metal-oxide semiconductor logic circuiis [3]. Nonethsle$e zero band gap of large area
graphene is not an issue in all applications. One such exampadio frequency (RF) ap-



plications, where having no energy gap is not an issue. gtams are not the only field, in
which graphene can be used; other applications includengrapthin film electrodes, using
graphene as sensing material or as photodetector to name a fe

The most studied graphene transistor today is the grapheldeeffect transistor (GFET).
The operation principle of a GFET is based on the ambipokstet field effect in single-
and few-layer graphengl[4]. The ambipolar field effect istthueesmall overlap in the valence
and conductance bands. The structure of a GFET resembtesd #ilecon FETs. The electric
current through the device is controlled by the electridfiel

The aim of this thesis is to provide a literature review ofpyrane devices and to measure
the DC- and radio frequency behaviour of top-gated grapfiefeeeffect transistors. Two
batches of graphene FETs were studied, both of which wergcédbd by the Nanotech-
nology research group located at Micronova in Otaniemi asrgrea. The first chip was
fabricated with SiC evaporation and the second with chemagaour deposition. DC mea-
surements were performed for both chips and a simple AC-hvealkemade.

The thesis is divided into four chapters. First, a literatsurvey is given. The electrical
properties and synthetization of graphene are briefly dsed. Then the design metrics of
graphene field effect transistors and the previous researtte field is considered. The
experimental methods and the measurement results as walinas-fitting results will be
presented and analyzed.



Chapter 2
Background

Graphene is a purely two dimensional material. If grapherstaicked vertically to hundreds
of layers, it would form three dimensional graphite. Whelfebinto a tube, graphene forms
1D carbon nanotubes, and when in a ball shape it forms ODréués. Different allotropes
of carbon are shown in Figufe®.1.

Many undiscovered
allotropes for example
sp-sp?-graphyne
2077

Graphene
2004

Céfbon nar.fotul-Jes -
1991

Fullerenes
1985

Figure 2.1: Some carbon allotropes. Adapted from referfsice

Since the discovery of graphene in 2004, graphene has baénecl as the saviour of
Moore’s law. Moore’s law states that the number of transssiio integrated circuits doubles
every two years |6]. The consensus in the scientific commgusithat transistor linewidth
cannot be reduced for much longer without increasing faktioa costs to such a level that
the cost of a single transistor would be too high [7].



Graphene research has been focused on transistors andrthapflications, but the inter-
est in different applications of graphene is growing rapifl]. Some articles have been
published about graphene photodetectors and sensorss litgles suggested that graphene
sensors could be used to detect gas molecules through thgeciraconductivity that the
gas molecule causes by doping the graphene layer [9]. Anattexesting application of
graphene is as a material for nanoelectromechanical sgstRiBMS) [10]. A piece of
graphene suspended on source and drain electrodes witltidgow the graphene layer
can act as a RF NEMS. The NEMS can be used as radio frequerntyceaktransducer with
oscillation frequency in the mega Hertz range. Graphenesdgttronic research is gathering
speed with the recent discovery that graphene opacity tatda only by the fine structure
constanty = 1/137 [L1]].

Of all of the suggested applications of graphene, the useaaghgne as a thin electrode
seems the one most closest to emerge [1]. Graphene haseexgelbperties in the visible

region of light, because the transparency is higher than.80Be currently used material
for optically transparent thin film electrodes is indium @ride (ITO). ITO is expensive,

brittle and has relatively large sheet resistance. The f@ednother material to replace
ITO comes mainly from the limited indium resources and hetscgrice. Carbon nanotubes
(CNT) are at the moment the most promising technology aloit graphene to replace
ITO. CNT sheet large scale production is being developedebgral companies, such as
Finnish Canatu. Transparent electrodes are required irga \ariety of applications, such
as touch screen and liquid crystal displays.

2.1 Electronic Band Structure

Graphene has a honeycomb (hexagonal) structure’dfspded atoms. The electronic band
structure of graphene can be solved with tight binding axpration (TBA) or the similar
linear-combination of atomic orbitals (LCAO), which is neacommonly used in chemistry.
The honeycomb lattice has 2 atoms per unit cell, hence th@nds of graphene have 2 x 2
Hamiltonian. The diagonal elements of the Hamiltonian dbsecdhe nearest neighbour in-
teractions, while the off-diagonal elements describe lineet nearest neighbour interactions
in different sublattices. The derivation of the electropénd structure is omitted here, but a
detailed derivation can be found in12].

Graphene is a 2D material, but distinctions can be made leetwelayer graphene and
few-layer graphene (FLG)[2]. Bilayer graphene has two lgyéut the electronic band
structure is already quite different from single layer drape. Band gaps of some hundreds
of millielectron volts have been achieved with bilayer drape by applying a perpendicular
electric field to the bilayei [13]. The gap in Bernal stackddy®er graphene arises from the
forming of pseudospins between the layers, thus makingssipte to electrically induce a



band gapl]14].

There are still many properties of graphene that have nat theeoughly investigated. Even
the existence of a band gap in large area graphene is corgralvdn addition to band gap

opening in bilayer graphene by applying an electric fields possible to create band gap
by quantum confinement, i.e. by fabricating graphene nhboris [2]. Edges may have
significant influence on electrical properties, especiaiiyn GNRs [15]. The edge effects

are still being actively researched. Numerical modellihgvgs that strain induced band
opening is also a possibility, though there is no experiaerdrification of strain induced

band openind [16]. Band engineering of graphene is essdrgraphene is ever to compete
with silicon CMOS technology [14]. The energy gap is impattior logic gate purposes to

keep the power consumption at minimum i.e. going to a nordaotive state.

The band-structure of graphene differs from the band-gtras of semiconductors in that
the energy dispersion around the band edges is linear thetepiadraticl[17]. The mobility
of charge carriers is limited by defects in the supportingemal or defects in graphene. The
previous claim is backed up by the much higher mobilitieseaad with suspended graphene
sheets. Electronic transport that is limited by scatteisngalled ballistic transport. Ballistic
transport is possible in very pure and defect free graphdlagurally, obtaining clean and
defect free graphene is difficult and is often not achieveae lhearity of band dispersion
in graphene means that the velocity of electrons is indegr@naf energy or momentum.
Furthermore, the velocity of electrons in graphene is atimas the Fermi velocity, which
is 1/300 of the speed of light. Another intriguing propersythat backscattering through
phonons or charged impurities is forbidden and the mearpf#eis in the range of hundreds
of nanometres.

Figure[Z:2 shows the electronic band-structure of graphdine Figure was plotted with

Matlab using the equation and values giveni’in [12]. The lirtkspersion around the Dirac
point, the part where the conductance and valence bands cae@ebe seen from the band
diagram.

The electrical properties of graphene have been studiezhgixely, but much is still un-
known about the mechanical and thermal properties [8]. Meidal and thermal properties
of graphene are similar to those of carbon nanotubes. Meamnts show that the breaking
strength of graphene is around 40 N/m, and thermal condtyatiMhe range of 5000 W/mK,
and yet the thermodynamic properties of graphene are latgddnown [8]. The chemistry
of graphene is in early phases, but shows much promise. &naptan absorb and desorb
different atoms and molecules, such as K and OH. Adsorbateaffect the electronic prop-
erties of graphene. There is even the possibility of loealidoping. In addition, the stability
of graphene under various circumstances has not receivel attention.
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Figure 2.2: The electronic dispersion in graphene.

2.2 Graphene Synthesis

Though the synthetization of graphene is not the focus sfttiesis, it may be beneficial to
briefly discuss the most commonly used synthetization nustho order to understand the
challenges in fabricating graphene transistors. Afterdiseovery of graphene by mechan-
ical exfoliation, often called the 'Scotch tape methodrjees attempts have been made to
produce large areas of top quality graphene [14]. The inapad of high quality graphene
with few or no defects can not be emphasized enough. Thetigaésns into electron trans-
port in graphene and current saturation show, that defeettha most important factor in
hindering the transport of electrons (holes). In 2010, ime tof writing this thesis, the best
graphene quality is still achieved with mechanical extodia. However, two synthetization
methods with great potential for large scale manufactuahgraphene have been devel-
oped, namely graphene grown with chemical vapor depos{tidD) and silicon carbide
(SiC) desorption method [14].

Mechanical exfoliation works, to a large extent, as the naomggests. First, a piece of
bulk graphite is repeatedly peeled with tape to separatrdagf graphene, which is then
transferred onto a substrate, usually silicon dioxide,J®). This technique has become
a form of art. The problem is in finding those single layer ¢neape samples and finding
one with the right size for further studies. Novoselov aninGeiscovered in 2004 that the
invisible graphene flakes become visible on (§iGubstrate that is of a certain thickness.
The phenomenon is due to optical interference at the grapbkebstrate interface. Raman



spectroscopy can be used to find out if the graphene flakeggte , few- or multilayer.

Graphene can be synthetized by sublimation of silicon frea@ishigh temperature (120Q)

in ultra high vacuum([18]. The benefit of this method is tha 8iC provides an insulating
substrate and no transfer of the graphene layer is neededanto fabricate top gated FETSs.
Yet, the disadvantage of this method may outweigh its adwpas; the high temperature is
cost-ineffective, and thus may not be suitable for largéesecamnufacturing. The graphene
layer has different properties depending on the crystaitirdace [8]. Graphene grown on
Si-terminated face has poor homogeneity and crystal quaatit is subject to unintentional
doping. Graphene grown on C-terminated SiC is often catlathostatic’ graphene, because
of the rotatiotal disorder. Graphene grown on C-face hasdrighobility than on Si-face and
has less doping.

Growing graphene with CVD is an attractive solution, beeaiiss compatible with exist-
ing semiconductor industry processes [14]. Graphene has tiwn with CVD on metal
substrates, such as nickel (Ni) and copper (Cu). With CVB gtaphene layer needs to be
transferred to a substrate, which is somewhat difficult amg ohegrade the quality of the
layer and lead to folding of the layer. However, CVD syntheti graphene has larger grain
size. Researchers are optimistic about extending CVD drtovsilicon wafer sizes.

Other suggested methods of large scale graphene syntimtizae direct chemical syn-
thetization [[8], ion implantation [19], crystal sonificati [8] and even unzipping carbon
nanotubes to form graphene shekts [20].

2.3 Graphene Field-Effect Transistor Structure

Graphene FET research was fueled by the discovery of thepatabielectric field effect

in graphene by nobelists Novoselov and Geim in 2004. Nowesa&hd Geim showed that
the electronic properties of few layer graphene (FLG) dyediffered from those of bulk

graphite, a 3D structure.

The sheet resistivity of graphene was found to have a peakfefv&kOhms and decays
to some hundreds of Ohms with changing the gate voltage [Ag r€sistivity peak, often

called dirac point or minimum conductance point, is locatpgroximately at zero gate volt-
age in pure graphene. The location of the Dirac point dependie difference between the
work functions of the gate and the graphene, doping (etadtar chemical), and type and
density of charges at the interfaces at the top and bottorheo€hannel. The Dirac point
changes with adsorbed water or other ambient adsorbingomeke[211]. Positive gate volt-

ages promote n-type, electron, conduction and negatitaged give rise to p-type channel
(hole conduction). Figured.3 shows an example of a meaglatd voltage drain-current
curve for a SiC GFET fabricated at Micronova. This partictitansistor has the Dirac point



quite far from zero gate bias, which is most likely due to temional doping during the
fabrication and storage in room temperature. The trangpove in Figurd 213 is quite sym-
metric, but often the transport is asymmetric due to changgdrities or graphene-electrode
contact. Asymmetry in this case means that electrons ames thalve different mobilitie§[3].
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Figure 2.3: The Dirac point of a SiC GFET with 0.5 V drain-smivoltage and W=10m
and L=4m

Novoselov and Geim explain the ambipolar field effect by a 28ahwith a small overlap
between valence and conductance bahds [4]. The electucifielces doping in graphene
by changing the Fermi energy, which should not be confusdid tive context of doping in
semiconductors e.g. silicon.

Graphene is unique as a channel material, because unlike sgimiconductors, graphene
does not require impurity doping to conduct electricity.a@nene displays a phenomenon
that is often called self-doping. Self-doping refers to #hectric field effect in graphene,
which allows the charge carrier type and concentration todmrolled with an outside elec-
tric field, or rather gate voltage.

The doping levels of graphene can be monitored with Ramattesicey [22]. The raman
peak intensity and displacement varies according to thikempgate voltage. The ambipolar-
ity of graphene makes it possible to operate a graphenddtanwith either electrons, holes
or both simultaneously.The graphene bandstructure atlegvsonduction to shift from elec-
trons to holes by changing the Fermi level. Das etal. [22ireded the doping concentration
in an electrochemically top gated GFET as

hlve| v/
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wherevy is the Fermi velocityp the doping concentration, ard is the top gate capaci-
tance calculated as a parallel plate capacitor.

The Hall coefficient R changes sign at dirac poirit [4]. The resistivityof graphene is
described by the classical equation

p =0 =neu (2.2)

wheren is the doping concentration, conductivity and. the mobility of graphene.

According to Banerjee et all_[14], the transport propertiegraphene are affected by the
quality of the graphene layer, the interface with insulsitord the metal contacts. The quality
of the graphene is mostly affected by the fabrication pre{23).

A graphene field effect structure is constructed from bottortop as follows: substrate,
graphene layer as the channel, dielectric layer and salraia-electrodes and top gate elec-
trode. An example of a GFET is shown in Figlirel2.4. Fiduré Pews a two gate-finger
structure that is used when making S-parameter measurentieistcommon that in physics
journals GFETSs are often misleadingly referred to as da#t-transistors, when the devices
have both a top gate and a heavily doped bulk substrate wpdsna back gate, whereas
dual-gate transistor commonly means a transistor with bpaates.

A structure with substrate contact and a top gate is usedaw ahore control in electronic
properties([24]. The reason for using both back gate and &b, gs that it allows more
freedom in adjusting the doping by gate voltage, thus athgunore precise control in device
resistance. The idea is that when the channel resistandaiisized, the transconductance
is maximized. SiC substrate is insulating, and therefo@&+ETs must naturally have a top
gate. It is often simpler to fabricate a transistor with calgack gate for research purposes,
because the layer under the substrate is often chosen ayhdped silicon, that can be
directly used as a back gate.

Figure 2.4: 3D view of a GFET with two top gates.



GFET channel material, graphene, can be either monolajyayeb or few-layer graphene.
The operation of the transistor is affected by the numberapigene layers in the channel,
because the electrical properties change when going frogiesiayers to few layers. The
number of layers can be deduced from Raman measurerhents [22]

Specific contact resistance is important for grapheneigstmoperation, because high spe-
cific contact resistivity may degrade the overall devicgraenance and thus lose the edge
that graphene properties offer, such as high mobility aticsba transport of graphené[14].
The contact between graphene and metal is most often ohatithd low density of states
(DOS) in graphene may hinder current injectibnl [25]. Typitetals used for contacts are
Ti/AU, Cr/Au and Cr/Pt.

A general guideline for choosing contact metals is to enswasethe contact is ohmic, and
secondly to choose such a metal that its work function is@sedo the semiconductor band
gap as possible. Contacts can be deposited with e.g. eldmtiam lithography [26].

A recent study by Liu et al.[[23] shows that contact resistaiscaffected by the processes
used in fabrication. For example, sputtering leads to tacgatact resistance than electron
beam (EBM). The higher contact resistance caused by spgftisrpossibly due to carbon
vacancies in the graphene lattice. Liu et al. propose tleeddmetimes perceived asymmetry
between hole and electron transport may be due to the cemtaahging from p-p-p junction

to p-n-p under gate modulation. Interestingly, the contagistance decreases as the number
of graphene layer increases when using sputtering procHss.same does not apply for
electron beam.

Contact resistance can be measured with a setup, in whiathtmel length is varied. One
such measurement for graphene FETs has been performed hgiNagt al.[[25]. A similar
measurement was performed for GNRs and is explained_in [Thle contact resistivity
measurement is based on transmission line model (TLM), ichwvine metal-semiconductor
interface is expected to be ohmic. In the setup a sequencetal sontacts is patterned on
graphene with increasing channel width. The resistaneasiaasured and contact resistivity
can then be calculated according to TLM. The sheet resistahgraphene is needed to
calculate the conduction length.

According to [25], the current enters graphene preferbytiathe edge of the contact metal
instead of from the whole contact area between metal anchgregp For contact lengths
shorter than the calculated conduction length, the comalubecomes area conduction. Typ-
ical values for graphene sheet resistance is280; = 5000 cm?/Vs and n=5 10'2 cm2.
The result of [[25] is that it is preferable to choose a metahwigher work function than
that of graphene to increase the graphene DOS and redu@ctoatitivity.

Choosing the insulating material for a graphene FET is atudihe gate dielectric should
be very thin and uniform with high dielectric constant, oftéenoted with the symbaol



[14]. Contrary to choosing metal contacts, the density afest at the interface should be
low. High-x materials are important in designing ever smaller traosggstCommon highg
materials are Hf@and ALOs3, which can be deposited with atomic layer deposition (ALD)
[27]. Graphene is chemically very inert, and this posesadiiffies for the deposition of
dielectrics. The dielectrics do not stick well to graphend the use of ALD is challenging
because graphene is hydrophobic. The hydrophobic natgmephene can be circumvented
by depositing nucleation centers of aluminium.

2.4 State of the Art GFETs

There’s plenty of room at the bottom. This may be true, butsém@iconductor industry is
investing heavily in the so-called 'More-than-Moore’ oeyond-CMOS’ technologie§][7].
For decades the semiconductor industry has been leanwgritrusting that the Moore’s
law will hold.

Beyond-CMOS is an umbrella term for technologies that migiplace CMOS one day,
whereas More-than-Moore is used to describe the incorporaf new functionalities in de-
vices [/]. The consensus among the semiconductor industhat CMOS technology, that
is the ruling logic technology in use, cannot be scaled dowchrionger. The limitations
come from the fabrication technology and the material prtige of silicon. Photolithogra-
phy, that is the fabrication technology today, is a top-d@nocess, and is becoming all the
more expensive the smaller the feature size. Yet, Beyon@®SMevices may never replace
CMOS completely, but gain market share in niche application

The research on graphene transistors so far can be divitteshio groups: logic devices and
RF devices. The design goals in these two categories are djffierent. Logic devices need
to have low energy consumption when in static state, in white the graphene channel
has to be switched to a non-conductive state, i.e. graphesasra band gap [14]. Graphene
room temperature on-off current ratios are not yet good ghdar logic circuits. The im-
portant metrics that must be met in order for graphene logwogs to replace CMOS are
room temperature operation, higher speed, scalabilitysar®g] device gain and cost. CMOS
technology excels in all of the metrics mentioned, and itag®to be seen if graphene logic
devices can mature to replace CMOS.

In RF devices, it is not so important that the device can beewioff, but the high speed
and low noise are the design goéls [3]. Graphene, a seminoetal semiconductor with
zero bandgap, may not be ideal for logic devices, but theiredjgharacteristics are differ-
ent for RF devices. RF devices commonly suffer from shoarctel effects and the series
resistances between the drain, channel and the source héh@pffers an edge here; as
graphene is only one atom layer thick, it offers the thinpestsible channel, thus improving
the electrostatics of the device.



2.4.1 Graphene RF Devices

Radiofrequency transistors are a key component in wiretessmunication devices. RF
transistors amplify signals and provide gain at very higlgérencies. The high mobilities
achieved with graphene FETs have shown much promise fordRBistor development. Let
us define cut-off frequency as the frequerfcgit which the device current gain drops to unity,
and the maximum frequency of oscillation as the frequefigy, at which the power gain
becomes unity. The recent progress in RF-GFETs is mappejunefZ% by F. Schwierz
[28]. Figurd2Zb shows that though there has been progré¥s BFETSs these past few years,
the GFETSs are still outperformed by InP and GaAs mHEMTs. Geap FETs show quite
high cut-off frequencies, but the maximum frequency of kestodn is another interesting
parameter that is often disappointingly low. Unfortunat@FETs have low value of,,,..

It should be noted that in Figuke2.5 the Wu et al. GFETs areenhgdCVD process and not
by the 'Scoth-tape’-method.
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Figure 2.5: The maximum frequency of oscillation as a fuarctf cut-off frequency. Figure
adapted from[28].

Currently, the fastest reported GFET has the cut-off fraquef 170 GHz with 90 nm chan-
nel length [29]. For perspective, cut-off frequency of ardl600 GHz, has been achieved
with GaAs metamorphic high electron mobility transistoHEMT) with a 20 nm gate or
InP HEMT [28]. Graphene as a large area sheet may offer higbeéility than semiconduc-
tor crystals, but the very weak or non-existent currentrséitn of GFETSs limit the highest
achievable cut-off frequency, intrinsic gain and othemgemties of interest in RF deviced [3].
Constant progress has been made in improving GFET cutexftigncy, and the devices are
limited by the series resistances. GFET cut-off frequemayatbe improved to 350 GHz, if



the series resistances can be minimized and a self-aligatedsgyucture is used [R29].

Lin etal. from IBM demonstrated a 100-GHz GFET using epabSiC process[30]. GFETs
were fabricated on a 2 inch graphene wafer. For perspectiveent silicon processes allow
wafer sizes up to 16 inch. The gate dielectric was a spin-elediric poly-hydroxystyrene

and HfG, on top. Lin et al. had promising results with the uniformifytioe graphene; the

dirac point was consistently at -3.5V gate bias. Despiteettteapolated 100 GHz cut-off
frequency, the devices failed to show current saturation.

The improved performance of Lin et all_|30] transistors canaltributed to reduction in
access resistances and enhanced mobility due to betteculieldeposition and high-ma-
terial. The significance of access resistance grows as tmenehlength shrinks. Lin et al.
report that they used a back-gate to modulate the accestares through electrostatic dop-
ing. The back-gate was used to provide electrostatic dapiageas where the top gate does
not reach, and thus lower access resistance. The totalmstsof the graphene device was
modelled by Lin et al. [[24] as the sum of ideal graphene chiameststance modulated by
the top gate, and a series resistaRge

-1

euW Cio 2
Rtotal - Rs + g \/ﬂ% —'_ ( ;t . (VTG — VDRC)) (2-3)

G

C,.: is the total capacitance of the top gate consisting of top gapacitance and graphene
channel guantum capacitance. The top gate dirac voltagenisteld ad’prc andny is the
minimum sheet carrier density, determined by disorder hadwal excitation.

Graphene based FETs have been found to operate much the ssmes wheir MOSFET
counterparts. The GFET intrinsic current gain follows thgftequency dependence and the
cut-off frequencyfr is dependent on the dc transconductagg®f the device and is given
by

fr = gm/(27C,) (2.4)
where(, is the gate capacitande [31]. The cut-off frequency was cedifrom S-parameter

measurements by Lin et al. [31]. The cut-off frequency is &sind to be inversely propor-
tional to the square of the gate length.

2.4.1.1 IBM GFET with 155 GHz Cut-Off Frequency

The fastest GFET made with CVD process at the time of writing thesis has the cut-off
frequency of 155 GHz with 40 nm gate length, which is also th&rtest gate length so far
[32]. The result is quite remarkable considering that thedG)ocess is IC-compatible.

The high cut-off frequency was achieved by using diamoke-tiarbon (DLC) instead of
SiO, as the dielectric layel [32]. DLC has a higher phonon energy/lawer surface trap



density than Si@ The single layer graphene was grown on copper foil at 1006ie
degrees and was then transferred on to the DLC using a PMMAa@sqbing layer and
dissolving the Cu with FeGl A transistor array was fabricated with a conventional top-
down process.

The 40 nm GFET has the Dirac point at -7V, and is due to impuldying [32]. The GFET
has lower gate modulation than longer transistors becdngsedntact resistance has larger
role in short channel FETs. The modulation is adverselycsdfiby 'short-channel effects’,
i.e. the electrostatic control efficiency of the top gateeduced by the drain voltage. The
short-channel effects are not yet well understood in graphiensistors. The transconduc-
tance of the 40 nm GFET suffers from these short-channadtsféand is at maximum roughly
35uS/um with V4,=0.4 V. The transconductance is expected to decrease whkmgsdown
the GFETs due to Klein tunneling and graphene p-n-junctidhgs claimed in [32], that
there will be a trade-off between device size and performamben it comes to scaling
down GFETSs. Future efforts on improving GFET RF performastoauld focus on reducing
contact resistance and optimizing the FET structure toegethigher f,....

Graphene FETs have a surprising advantage in low tempesatilve operation of the DLC
substrate GFETSs is not affected by low temperaturk [32]s Tdature is useful in specialised
applications, for example outer-space applications.

2.4.1.2 A 65 nm Silicon NMOSFET

The competing and currently most used technology is siM@QSFET. Silicon based MOS-
technology is used in a wide range of applications from siplaoines to cars, and sets the
milestones for competing technologies. Silicon MOSFET&samilar to GFETS; the basic
structure is the same, but some material choices may diffigportant figures of merit of
silicon 65 nm MOSFET are shortly reviewed in this sectionttst comparison between
graphene and silicon technology can be made.

Figured2.64-2.6b show a the current-voltage graphs ofiaalyp5 nm slicon NMOSFET.
Figure[Z.8h shows the drain current plotted against top \gatage with two drain-source
voltages. The lower curve is in the linear transistor openategion and the upper in sat-
uration region. Figur&Z.6b shows the drain current as atifumof drain-source voltage
with different top gate voltages. The transistor shows arateirrent saturation after approx-
imately 0.1 V (drain-source). The transistor turns congdledff. TablelZZ. TR summarizes
the performance of the NMOSFET.
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Table 2.1: NMOSFET with W/L 10/0.1.4m).
‘ On ‘ Vs ‘ l 4 ‘

2mS| 0.1V | 05mA

8mS| 1V 2 mA

2.4.2 Graphene Digital Devices

Digital graphene devices have been intensily researchexdsewce graphene was first discov-
ered. Alas, graphene’s lack of band gap has turned out to lssaathat is yet to overcome.
The results in graphene digital devices have been so digapuy that IBM, the company
leading the graphene research, has already stated thahiikely that graphene would ever
replace silicon technology [33]. Nonetheless, two intengsproof of concept papers have
been published and will be briefly reviewed in this section.

Yang et al. [34], proposed a triple mode single-transistapgene amplifier in 2010. The
operation is made possible by the ambipolarity of grapheséch enables different points
of operation. This device can be considered as proof of gntteugh the properties of the
proposed graphene amplifier are yet inferior to conventiM@SFET technology. Single-
transistor graphene amplifiers have several advantagestm/eurrent technology. Single-
transistor amplifiers take less space, and thus use lessoc@mis and materials. In addition,
it is beneficial that the transistor can be configured in-fieldich in infeasible with MOS-
FETSs. It has also been suggested thatithgnoise is quite low in graphene transistors. At
the moment, the small transconductance and very low cusegntation limit the operation.

Sordan et al. [[35], have demostrated four basic input logteg with a single graphene
transistor. Needless to say, it is desirable to have fevagisistors. Their idea is similar to
the triple mode transistor of Yang et al. Sordan et al. grapHegic gate uses the charge



neutrality point to implement boolean logic. The gate valaee decoded with resistance
values as shown in Figuke2.7.

The logic gates demonstrated, showed promise in the pbisdiia configurable logic gate

[35]. Alas, there are issues with the proposed design. Ttietlfie@t graphene cannot be
turned off, makes the power consumption unacceptably ggindan et al. suggest that the
transistor resistance could be increased to lower the gtatver usage. Then again, a higher
resistance would slow the response time of the transistoth&rmore as the the input and

output logic voltage levels are not the same, cascading dkesgvould require additional
transistors.
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Figure 2.7: The four logic gates. Adapted framl[35].



2.5 GFET Circuit Models and Characterization

Graphene field-effect transistor modelling and charazaéion methods develop alongside
the fabrication technology; the better the quality of theEFB, the better models can be
made for the transistors. One of the issues in empirical fingef GFETs is the variation
in GFETSs due to fabrication.

The interesting parameters of GFETSs are mobility, systgmac#ances, contact and channel
resistance, current saturation velocity and conductasces as transconductance. Quantum
capacitance and mobility parameters will be reviewed ifdllewing sections.

The existing graphene FET circuit models and small signalets) all rely on the observa-
tion that GFETs behave similarly to MOSFETS. The operatio@EETs near the minimum

conductance point has not been thoroughly analyzed yeeasptiration near the Dirac point
is not completely understood. For example, the exact mestmaieading to widening of the

Dirac point to a plateau have not been throughly studied.

2.5.1 Quantum Capacitance

Graphene shows a capacitive behaviour under electric tiedd,is referred to as quantum
capacitance. Quantum capacitance in graphene is due tetdigr linear energy disper-

sion. In graphene field-effect transistors, the grapheselator/semiconductor interface the
graphene layer adds a capacitor in series with the insudaihrsemiconductor capacitance
contributions. Graphene quantum capacitance is in seiitbstiie gate oxide capacitance
and must be taken into calculations. The quantum capaeitahthe graphene channel has
to be taken into account when the gate dielectric thickressduced. The quantum capac-
itance is derived from the density of states (DOS) of graph&ssuming the Fermi-Dirac

distribution for charge carrier5 [36].

The quantum capacitance of graphene is approximatelyrlindapendent on the channel
voltage and has a minimum value around the minimum condaetaaoint [37]. Furthermore,
the capacitance is symmetric with respect to the Dirac B8t Quantum capacitance is
expressed in referende |37] as

2¢°kpT qVen
= In 2] 1 h 2.5
Cy (hor)? n[ ( + cos T (2.5)

wherekp is the Boltzmann constant, the Planck constant anid,, is the voltage over the
graphene channel. Equatidn{?2.5) can be simplified to

2 2qVa _ 2¢*Vn
w(hvp)?  hop/m

C,~q (2.6)



whengV,, >> kgT. According to reference [37], the quantum capacitancefigenced by
impurities and defects.

Since the quantum capacitance of graphene is linear witbectdo the applied top gate
voltage, the quantum capacitance could be used in senshcajgms. The challenge is in
measuring the very small changes in the quantum capacitance

G

Figure 2.8: Quantum capacitance equivalent circuit.

2.5.2  Mobility

Charge carrier mobility is often used as a figure of merit wineestigating the transistor
properties. A high mobility value means a fast transistoobMty is restricted by scattering
caused by perturbations in the periodic lattice and by intiesr{26]. Unlike semiconductor
materials, such as silicon, graphene doesn’t have to beddefik impurities, which is in
part the reason why graphene devices show very high mekilibifferent definitions and
ways to calculate mobilty values for GFETs will be presenteithis section.

Drude model of electrical conduction can be used to caledbs conductivity mobility if the
sample length is much larger than the transport mean fréeg8&L The transport mean free
path for graphene is estimated to be around 100 nm, theréfer@rude model is applicable
for samples in the micrometer rangel[22].

There are three types of mobilities that can be defined fortalre&ide-semiconductor FET;
field-effect mobility, effective mobility and saturationability [26]. In addition to the pre-

vious, Hall mobility can be measured and calculated, buaiabtg Hall mobility value re-

quires that a Hall-bar device is fabricated. Effective ntipbis defined with the help of drain
conductance,; and mobile charge density,,.

galL

Hell = o, (2.7)



The field-effect mobility is usually lower than the effeaiwobility. The difference be-
tween these mobilities is that the the electric field deprod®f the mobility is neglected in

Equation[[ZB).

The field-effect mobility is given as

Lchgm
= "< 2.8
HEE = W CaVis (28)

whereVps is the drain-source voltage. The use of Equation (2.8) requhat the influence
of the series resistance is removed. The gate capacitgachould include the quantum
capacitance of the graphene layer.

Saturation mobility is often not as interesting a paramatesaturation velocity. Most of
the current GFETs show no current saturation, with the exmepf Meric et al. top gated
GFETs [40].

Table[Z5.P2 shows some reported graphene FET mobilities. plinpose of the table is to

show the ambiguity of reported mobility types and the dieace of the measured values.
The conductivity mobilities are as expected, but the camebilities are hard to interpret

due to lack of information about the used formulae and measent setup.

Table 2.2: A collected table of reported mobilities of GFETs

| Layers| Mobility type | Growth method | Reference]

1-2 Conductivity mobility| Mechanical exfoliation [47]
for holes 710 cr/Vs
and 530 cr/Vs for
electrons

1-2 Hall mobility 1575]| SiC [42]
cn?/Vs  Field-effect
mobility 1400 cni/Vs

1-2 Field-effect mobility| SiC [30]
800-1500 crivVs

1 Field-effect mobility| Mechanical exfoliation [24]
2700 cni/Vs

2 Carrier mobility 1000, Mechanical exfoliation [13]
cm?/Vs

1? Low field field-effect| Mechanical exfoliation [40]
mobility 1200 cni/Vs

1? Low field field effect| Mechanical exfoliation (h-BN dielectric)) [43]

mobility 10000 crd/V's

It should be mentioned, that the mobility of graphene trstoss is not so well defined figure
of merit. It is not always clear which definition for mobilityas been used in the previous
studies on GFETs. Sometimes the inadequate reporting afefwgition used for mobility
may lead to confusiori[3]. Ir[3] it is reported that the whotcept of low-field mobility



in the case of 2D graphene is misguided. The electric fielhgths in short channels are
high even with relatively low drain-source voltages. At lniglectric fields, the velocity
of charge carriers is expected to saturate. The vague defitiod differing measurement
methods make the comparison of reported mobility valueseafddifficult. Furthermore,
the reported high mobility values are for gapless large graphene, which is expected to
have higher mobility than graphene with band gap, eithexyleil or band engineered [3].
Nonetheless, even the meagre mobility values for bilayaplyene are considerably higher
than for silicon. For a more detailed description aboutedéht definitions for mobility, see
[26].

There are three common methods in literature to extract tbieility from measurements
[44]. The first one is to measure the transport cuni€, and use the Equatign= Ao /(C,AV})
to fit mobility in a linear regime. This methods suffers frone tfact that the transport curve
is nonlinear, and choosing a linear regime is somewhatrargit The second method is to
calculate the conductivity mobility with the equation b&lo

o g
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Equation [ZP) depends on charge carrier density or gatagal The problem with the
second method is that it doesn’t apply near the Dirac poichbge the carrier density is not
well-defined. The third method is to use curve fitting to totdistance vs. gate voltage
measurement. The third method is used in this thesis andgtitiens [[4.8) that are used
to fit the curve are shown in Chapter 4. Xia et al.|[44] studieal ¢ffect of top dielectric
medium on back gate capacitance. The observation is thgbtieecapacitance can increase
by 2 orders of magnitude when the top gate dielectric sizaiigd, while the mobility stays
constant. This could enable new types of GFET based sensors.

2.5.3 Drain Current and Current Saturation

Most graphene FETs have been studied in low temperatureaubeaesearchers fear that
charged impurities will affect the measurements. Stillprder for the GFETs to compete
with existing technologies, they need to operate in roonpemature. The room temperature
measurements on GFETs so far have not been very promisinge lack of band gap is
acceptable for RF devices, the other important phenomemamnis needed for transistor
operation is current saturation.

Current saturation in graphene is almost as much debatedashe existence of a band gap
in single layer graphene. In order for the electron velotitgaturate, all electrons would
need to move in the same direction in graphené [14]. Thisirega driving voltage, that

is greater than the Fermi energy, but electron-electragractions in graphene may make
velocity saturation impossible. Furthermore, hot spoterg@when under high current bias



[45]. These hot spots show that current tansport in an iteegghaped graphene sheet is
non-uniform. Chen et all[ ]21], claim to have observed cotathae saturation. Their view is
that in low carrier densities (low electric field strengthg tong-range Coulomb scattering
dominates and gives rise to the linear regime, whereas htdaigier densities the transport
is dominated by short-range scatterihgl [21].

Meric et al. [40] demonstrated in 2008 a graphene FET witherursaturation. The current
saturation demonstrated was incomplete, which raisesubstion, is it even possible to have
complete saturation in graphene. The exact mechanismsrehtsaturation in graphene are
a topic of speculation. Meric et. al suggest that currentraéibn depends on charge carrier
concentration influenced by interfacial phonon scattenmthe SiQ layer supporting the
graphene channels. Current saturation in graphene shawigune2.9, has three regions. In
the first region, the charge is carried by holes in the whodmaokl! length. The second region
shows a pinch-off region at the drain when the carrier mihideasity point is reached. In
the third section electrons start to form the channel.
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Figure 2.9: Current saturation and ’kink-effect’ in a GFETr@om temperature. Adapted
from reference[40].

Despite the lack of bandgap and Idw,/I,ss, the device shows current saturation and has
150 xSm! transconductancé& [40]. The device was studied in 1.7 K teatpe to freeze
out trapped charges.

For high-field regime unipolar channel, Meric et. al find ttreg carrier drift velocity satu-
rates due to optical-phonon scattering. The current besamiependent of the drain-source
voltage

W L
I, = f/ qn(2)vgpi () doe (2.10)
0

wherelV is the channel width and the channel length. The carrier drift velocity can be



modelled as
wE

L+ pE /vy
whereF is the electric field ang is the carrier mobility. The saturation velocity,, can be
expressed as

(2.11)

Vdrift =

UFhQ
Ep

(2.12)

Vsat =
whereh{ is the optical phonon energy.

Meric et al. [40] approximated the carrier concentratiorthe channel with a field effect
model

n(2) = /02 + Cop(Vys-1p = V () = Vi) Ja]” (2.13)

wherel, is the device threshold voltaggx) is the potential in the channel,,, is the top
gate capacitance consisting of electrostatic capacitandequantum capacitance in series
andV,,_, is the top gate voltage. There are naturally other ways tocutate the carrier
concentration, such as using the Fermi-Dirac distribytsnn [36].

Thiele et al. [36] used the same formulae as Meric etlall [4Qjualitatively investigate
the operation of GFETs. Thiele et al. improved the formuladaturation velocity from

Equation[ZIR) to
Q

)05+AV2 ()

(2.14)
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whereA is a dimensionless empirical factor of the ordet @f2. The previous equation is an
empirical equation aimed to correct the overestimatioreofier-phonon interactions [36].

Both Meric et al. and Thiele et al. modelling of GFETSs is basaedhe observation that
a FET with large area single layer graphene channel openate$ like a metal-oxide-

semiconductor transistor. Meric et al. model does not atelyr produce the peculiar kink-
effect seen in Figurle 2.9, but using the Equation{2.14)pvédict the aforementioned effect
[36].

Barreiro et al. [[45] studied a Hall-bar device, with a fowit configuration for measuring.
The four-point configuration is employed to minimize the tridoution of contact resistance
at the graphene-electrode interface. Barreiro et al. tepat their device has a tencency to
saturate, but that complete saturation was not observedeiBaet al. explain that in low-
field, elastic scattering is the dominating process, ant igher fields, the optical phonon
emission is activated leading to current saturation. Klastattering is caused by crystal
defects in graphene.

Barreiro et al. claim that in order to have full saturationcafrent, the phonon emission
would have to be instantaneous and elastic scattering ggesavould have to be negligible,
which is impossible. Thus, current saturation is never detegt high fields. The high-field
transport is sensitive to elastic scattering. Hot-phonacgsses are expected to have a very



small impact on the high-field transport. Barreiro et alimléhat the mobility would need to
be increased by at least one order of magnitude to achiewfikig current saturation [46].

2.5.4 DC circuit model and MOSFET small-signal model

Small-signal model is a common concept in electronics. & Imear approximation of a

nonlinear device that is accurate when the signal range &l.sithe device DC operation

point is first calculated and then the linearization is fodnaeound that point. Small-signal
model assumes that the components, such as capacitancgaiandon’t change because
the change in signals is so small that the operating poirg doechange.

Figure[2ZID shows the small-signal equivalent circuit fawa-gate-finger graphene FET.
Figure[Z1D is similar to MOSFET small-signal equivalemtugits. The equivalent circuit
includes the source and drain series resistances whichtbdee taken into account when
calculating the internal voltages. The small-signal eajleimt circuit in Figurd—2.10 is ex-
pected to work in both electron and hole conduction, but ndtyibrid conduction mode.
Furthermore, the small signal model is almost exactly tmeestor a regular silicon MOS-
FET.

Gate Cya Rp Drain
Cgs p— gmvgs Rds p— Cds
R,
Source

Figure 2.10: Typical small-signal equivalent circuit foFRT.

Figure[Z.11l shows the conceptual model of a GFET on the leftla@improved version on
the rigth. GFET comprises of relatively large contact tasises with the channel resistance
in between. The channel resistance can be adjusted witbglgate voltage. In the improved
version, on the right in Figufe 2111, the currentis a fumcdV ., V,, Vi,.

The small-signal definitions are presented in tdblé 2.3. tiAdl voltages in the formulae
are internal. The small-signal parameters can be extrdobed scattering parameter (S-
parameter) measurements assuming the modelth 2.10.

The S-parameters can be transformed to other 2-port nepvesdmeters by simple calculus.



Re
Vtg | RCh f(Vdsa Vg’ ng) rdS
R. Re

Figure 2.11: Conceptual DC-model of a GFET on the left andvgroved circuit model on
the right.

Table 2.3: Small-signal model definitions.

dIp
Transconductance Gm = Wgs‘vds — const.
- _ dIp
Drain conductance 9as = g v, = const
s gs :
. . _d C
Drain capacitance Cya = d‘? "1V const
ds gs ’

_dQch

Gate-source capacitangeCy; = Wgs‘vds — const.

The exact equations are omitted here. Usually S-paramatersonverted to admittance
parameters (Y-parameters) to extract the small-signalrpeters.

The small-signal model parameters were calculated usmépllowing formulae assuming
that R¢ and Rp are both zero,

gm = R(y(2,1)) (2.15)
9as = RN(y(2,2)) (2.16)
Cpa = —Sul2 (2.17)
Cpe =S¥LN (2.18)
Cys =422 0 (2.19)




Chapter 3
Experimental Methods

The measurements were performed with a measurement setup shFigurd-3.Jl. The mea-
surement procedure is shown in Figlrd 3.5. Two types of nieasnts can be performed
with the setup in FigureZ3.1: DC (direct current) sweeps afEaidmeter measurements.
The measurement setup consists of a Advantest R6243 cothbi@esource and ammeter,
RC-filter with time constant of 300 ms, an Agilent 8722ES wecietwork analyzer (VNA),

a HP 34401A voltmeter, LC-filter with time constant of 0.1 ras,Agilent 3458A ammeter
and a HP 3245A dc source. The sample was probed with Cascautetétih RF ACP40-
GSG probes with 10@m pitch. Labview was used to control the measurement equipme
and collect data.

Voltmeter

R L
DC Source VNA
° P [ ‘6 b’ ‘6 \ Ammeter DC Source
Ammeter _\/\/\/\ e hd
— Port 1 Port 2 —— C1
c2 —T1— o
— '] [} —
RF Probes
a- N
L I:‘ v

Sample

Figure 3.1: Measurement setup.

The measurements were performed in a ESD-shielded lalprdtoe samples were placed
in a vibration damped Cascade Microtech probestation. ThedRd LC-filters were used

to prevent the sample from being destroyed by switchingstearts from the measurement
equipment. Port 1 in Figufe=3.1 is connected to the GFET gadeapd port 2 is connected
to drain and source pads. The GFETs have two gate-fingershwin¢ans that the GFETs

25



actually consist of two transistors with the same drain &edop-gate fingers are controlled
simultaneously.

DC-sweeps were carried out for both SIiC and CVD GFETs. Fih&,Dirac point was
located by sweeping the gate voltage with constant draimegovoltage. Next, the drain-
source voltage and current were measured at several cogatarvoltages.

The RF probes were difficult to place on the golden contact mddhe GFETS, because
the gold would easily wrinkle when the probe tips would sladethe pad surface. Often,
it would not be possible to contact the pads more than twites fiestraint made it hard to
evaluate if the contact to the gate was sufficient. In mangs#se drain-source pads would
be connected, which can be verified by applying a drain-suodtage, but the gate side
pads would be poorly connected which can only be verified theeiifting the pads or by
looking at the drain source voltage as a function of gateagalt Due to the low field-effect,
especially in SiC GFETS, it was not always clear if the gate w@ntacted or not. Another
issue with the pads was that the gold would stick to one of tbbetips and make the tips
different height. A SiC GFET with very damaged contact padshe right side is shown in
Figure[3B.

Figure 3.3: SiC GFET with damaged contact pads. The gatetiseonght.

A 1/50 micron GFET was measured with HP 85047A 300kHz-6GHmf&meter test set.
Device calibration is an important step in the measuremestgss, and is done to remove



the influence of the cables and connectors. Calibratioropedd in the beginning of mea-
surements is assumed to be valid for one day. The VNA wasrasgith using Short-Open-
Load-Thru (SOLT) method. An impedance standard substrateged by the manufacturer
was used as calibration reference. The measurement rarsgeeonaa few MHz to 1 GHz.
A broad frequency range was chosen because the cut-offénegof the GFETs was un-
known. Three operation points were chosen for S-parametasurements, so that one point
is from hole conduction, one at Dirac point and one in theted@cconduction side. The point
in the electron (hole) conduction regime was chosen in thamman transconductance area,
i.e. steepest slope in drain current vs. top gate voltageecudr top gate-drain current sweep
was always performed before the S-parameter measuremenstwe that the GFET prop-
erties have not changed during storage. The Dirac pointeofar GFET samples was in
the vicinity of -10 V (top gate) with around 0.7-1 mA drain cemt at 0.1 V drain source
voltage. The drain current was found to drop slowly (in selsjrwhen a high negative top
gate voltage was applied. This phenomenon is suspected taused by degrading con-
tacts or dielectric layer, because the drain current wdsestd lower top gate voltages. The
dropping drain current may have effected also the S-paemstasurements.

A well-known de-embedding procedure using a open strucita® used to substract the
influence of the pads. The admittance equation for de-enibg@®lY rz7 = Y pur — Y pag
The de-embedding is shown in Figlirel3.4. DUT stands for @BeMicder Test. The crosstalk
capacitance represents the influence of crosstalk thrdwegbutbstrate and crosstalk between
the probes that are close to each other.

Cerosstalk
||
I
o O
Cpaar —L_ DUT — Cpad2
o O

Figure 3.4: De-embedding of the device.
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Chapter 4
Results

In the first section, the experimental results of the SiC lyeae field effect transistors are
discussed. In the second section, the results of the CVDcttbd GFETs are presented
and discussed. Last, the curve-fitting and validation nette@resented and the results are
analyzed.

To summarize, in the Ul-measurements the SiC GFETs werealftuime of very non-uniform
quality with very low terminal transconductance. Due to ke transconductance of the
GFETSs, it was not possible to measure radio frequency cteaistics with S-parameter
measurement of the SiC GFETS. The CVD GFETs were found torgiveh higher currents
with lower drain-source voltage than the SiC GFETs. Alse,@vD GFETs had much less
unintentional doping than the SiC GFETSs, meaning that tmadjoints were usually found
in the region of 0 to -10 V. S-parameters measurements weferped on the CVD GFETSs.

4.1 SIC GFETs

The SiC GFET structure is as follows from bottom of the devib®0 nm of SiC, FLG
graphene and 40 nm AD; as top gate dielectric. The electrodes are 5nm of titaniuth wi
40 nm of gold on top. The GFETs were prepared by SiC evaporaocess by Nan-
otechnology group at Micronova facilities by Wonjae Kim. eTtransistors were found to
have 2-5 layer graphene in Raman spectroscopy performed bymaV Figure[4.1 shows a
photograph taken of the chip. The top-gate in Fiduré 4.1 itherright of each transistor
and the source-drain electrodes are on the left with drathemiddle electrode. The SiC
GFETs don't have a back gate due to the thick insulating satestThe GFETs are in two
gate-configuration, so that RF-measurements could berpetbif the components would
exhibit high enough transconductance values.

There were 80 structures altogether on the chip, of which &2 working and measured.
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Figure 4.1: SiC GFET

There were four different size transistors (in microns, /W10, 2/5, 1/1 and 0.5/1. The
GFET substrate is 500 nm of SiC with 2-5 layers of graphen@pnThe top-gate dielectric

is 40 nm thick ALOs. The electrodes are formed with 5 nm of Ti with 40 nm of gold JAu
on top of the titanium.

In Figure[4.B, the measured Dirac points are plotted ag#iestoriginal coordinates in the
chip. See FigurE-4.2 for the chip layout. The source to draltage in these measurements
was 0.5 V. Some of the components were left out of the Figuteerebecause the com-
ponents were defective or could not withstand the 0.5 V. Bmesdata as in Figufe 4.3 is
shown as a scatterplot in Figurel4.5. Two different coloarsach scatterplot are used to
differentiate between transistor rows of the same L/W @it right). It is evident from
these two figures that the uniformity of the transistors iy mor. Figure§ 413 arild4.5 show
that the SiC GFET process variation is high. The random ioeatof Dirac points may be
due to unintentional doping, poor gate dielectric or def@cthe graphene layer.
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Figure 4.2: Each column has transistors of the same sizextomple the first column con-
tains transistors with L/W = 4/10. The original figure is ledrfrom W. Kim.



Figure[Z4% shows the SIC GFET current densities at Diractpotach coloured square
represents the location of the transistor on the chip. éstergly, the dirac point of these
transistors vary greatly as can be seen from Figuie 4.3heuturrent densities at the Dirac
point is quite similar with GFETs of the same size. The onlgeption in Figurd4l4 is the

fourth and the last row from the left, these two rows are fistoss with the same L/W. It

is likely, that the processing of these transistors hadcdifiies resulting in very dissimilar

devices.
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Figure 4.3: The SiC GFET Dirac points represented with c@lau the same layout as the
chip.
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Figure 4.4: The SiC GFET current densities at Dirac poinpsegented with colours in the
same layout as the chip.
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Figure 4.5: The SiC GFET Dirac points presented as scatber phe colours represent the
location of the components, either left or right.

As mentioned, RF-measurements couldn’t be performed f6r &FETs due to too high
impedance level. However, it is possible to estimate theofflrequency of the transistors
using Equation{Z]4) and calculating the top-gate oxidecaance as parallel plate capaci-
tor. For example, let us consider a transistor with Wab and L=2um. The transconduc-
tance maximum value for this particular transistor can ber@agmated to be x 10~7 S.
Assuming the gate area as W*L, dielectric,®k to havex = 9 and thickness 40 nm, and
quantum capacitanag, of graphene as 2F/cn¥ [40]. The total top gate capacitance is the
gate capacitanc€, and quantum capacitancg, in series. The total top-gate capacitance
Ciop 1S then 1.8110~*. The cut-off frequency is

 9m 2-1077
C2rC,  2-m-1.81-10"14

fi —1.76 - 10°Hz ~ 2MHz (4.1)

The relatively low cut-off frequency can be attributed te goor transconductance value and
possibly high contact resistance. Also, the graphene guatpacitance becomes quite
significant when the top-gate dielectric thickness is redu@4]. The calculated cut-off
frequency of the SiC GFETSs is so low that the VNA would not hiagen able to measure it.

Figure[4.6a shows the Dirac point of the SIC GFET. The traoisis heavily doped as the
Dirac point is approximately in -37 V. The graph ends befe@ V, because of limitations
of the measurement equipment. Surprisingly, the devicegtips could often withstand
very high voltages without breaking. Figurel4.6b shows tteendcurrent as a function of
drain-source voltage. The device shows no sign of curreéntat#on, though with GFETs
the reported current saturation is found at higher draimemvoltages (>1 V).



Figure[4Y¥a shows the calculated terminal transconduetaha 2/5 SiC GFET and4.7b
shows the terminal conductance calculated from a polynidinta the data. The transcon-
ductances are calculated from Figlirel 4.8. Fiduré 4.7 mag tie impression that the
transconductance would rise, but that is not the case agdiéhgin current would reach a
deflection point.
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Figure 4.6: Figure a) shows the drain current as a functidopfjate voltage with 0.5 \/
and b) shows the IV-graph. The GFET L/W ratio is 1/1.
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Figure 4.7: Figure a) shows the calculated transconduetand b) the transconductance
values calculated from a polynomial fit to the data. The GFBW katio is 2/5. The V; is
0.5 Vin both figures.



Figure 4.8: The minimum conductance point of a GFET with 2/lratio. The V,, is 0.5
V.
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4.2 CVD GFETs

The second measured batch consisted of GFETs with CVD ftkdd-LG graphene. The
GFET structure is as follows from bottom of the device: baakeg300 nm layer of Si)
FLG graphene and 25 nm AD; as top gate dielectric. The electrodes are similar to the one
in SIC GFETSs, but the thickness of the gold layer on top ohtiten layer was increased,
because the probe tips damage the gold layer.

There were 8 working CVD GFET transistors on the chip that masasured. There were
three different sizes (in micron, L/W): 1/50, 2/50 and 4/9e shortest gate length tran-
sistors were found to operate similarly to the longer gatgtle transistors, which is a good
sign for further dimension downscaling. However, the g#feceis much weaker in the short
gate length devices. It is possible that short-channeteffare the cause for diminished gate
effect.

Figurel4.® shows a photograph of the transistors on the Efgpire[4.10 shows a close-up of
one of the transistors. The top-gate is on the rigth and scamd drain electrodes are on the
left side. The brown smudges on the electrodes is gold thastiatched of when placing
the probe tips.

Figure 4.9: A photograph showing some of the two gate-fingéd GFETSs.

Figure[4. 11 shows the current and the current density agabd@-Dirac point with back-gate
voltage as zero. Naturally, the short gate length GFETSs tres@ighest current and current
density. The components have quite dissimilar Dirac paiocations, especially the 2/50 and
1/50 GFETs.

FiguredZ4IP andZ413 show the results of the DC-measursroéatCVD GFET with L/W
= 2/50. Figurd_Z.112 shows the drain current as a function pfgate voltage with different
back gate voltages. In hindsight, the back gate voltagesldhmave been much higher for



Figure 4.10: A photograph showing a single two gate-fingeDGFET.
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Figure 4.11: The current and current density at Dirac point.

the back gate to have effect on the drain current. The lacafithe Dirac point was found to
change with the first few DC-sweeps after which it would stayghly at the same location.
Figure[£1B shows the IV-characteristics of the GFET with tibp gate ranging from 8-14
volts. It is clear that the drain voltage is not high enoughciarrent saturation to show, but

because of the small amount of samples the drain voltage atasised above 0.2 so that
the GFETs would not break.

Figure[4.Ih shows the terminal transconductance calcufaben the top-gate voltage vs.

drain current graph. Terminal transconductance is defiseg,a= %< at a constant drain
g
source voltage.
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Figure 4.12: Drain-source current as a function of top gatege. GFET size is L/W=2/50.
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Figure 4.13: The drain-source current as a function of dvaltage. The top-gate is varied
from 8 to 14 V with 0.5 V step size. The back gate voltage is zdroe transistor size is
L/W=2/50.

Let us estimate the cut-off frequency of the CVD GFETSs udireggquation(Z14). Assuming
that the highest frequency is achieved with the CVD GFET izt the shortest gate, then
L=1 ym and W=50um. Let us further assume that the quantum capacitance hasthe
value as in previous SiC GFET calculations, i.euRZcn?. The CVD GFET gate dielectric
is Al,O5 with dielectric constant 9 and thickness 25 nm. The totad gapacitance is again
the quantum capacitance and gate oxide capacitance ii3,sgikang total gate capacitance
of 1.37.10~ '3 F. Estimating the maximum terminal transconductance frgrv|, graphs as
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Figure 4.14: Top-gate voltage vs. terminal transconduwetax,;, = 0.1 V. L/W=2/50.
1.210~* we can calculate an approximation for the cut-off frequeagy

 Gm _ 12-107°

-~ 2nC, 2-m-137-1071
The cut-off frequency is much improved when compared to t8eGG-ET cut-off frequency
estimates. The back-gate gives more freedom in adjustiedettminal transconductance
[24].

fi = 1.389 - 10°Hz ~ 140MHz (4.2)

The amplification of the CVD GFETs was tested by seeding asgreal from a signal gen-
erator together with a DC top gate voltage. A back-gate geltaas also applied. The input
and output signals were analyzed with an oscilloscope. iijpgtiand output waveforms are
plotted in Figuré4.1]5. The output signal is in the range dfivoits when the input signal is
several volts, which means that the GFET is unable to praandglification.

Figure[41b shows the cut-off frequency of a GFET with 1/5Q.\Wtio in three different
operating points. The top gate values in Fidure.16 are 8neb-10 V with zero back gate
voltage and 0.1 V drain-source voltage.

The GFETSs studied showed cut-off frequencies between 3@ Figure[4.1b shows that
the highest cut-off frequency is achieved with -10 V at topegal he relatively low field-
effect and quite high contact resistance limit the openatleigure4.1]7 shows the result of
a drain current measurement as a function of time with coh$tg gate and drain-source
voltage. Top gate voltage was chosen as -18 V and drain-sasr@.1 V to investigate device
drain current under high electric field. It is possible the tontinuously dropping current,
as seen in Figule 4117, may hinder the operation.

Small-signal model parameters are calculated based on-gaadneters. Currently, the



CVD GFET input signal

Voltage [V]

Voltage [mV]

-2 -15 -1 -05 0 0.5 1 15 2 25
Time [microseconds]

Figure 4.15: The upper plot shows the input signal to the GREd the plot below shows
the output signal.

small-signal parameters are calculated with extrinsicesland the effects of Rand R,

are neglected. Figurés4.18a and 4118b show the calculataltsignal capacitances as a
function of frequency. The capacitances fluctuate in thenmgg of the frequency range,
but fall into line. The G, is negative, which may be due to measurement error or a dis-
crepancy in the model. Figures4.19a &nd 4.19b show thelatgddudrain conductance and
transconductance at zero top gate voltage with 0.1 draircecwltage.
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Figure 4.16: The cut-off frequency of a 1/50 micron CVD GFEThaee top gate voltages

0, -5 and -10 V. The drain-source voltage is 0.1 V and back galtage is zero in all three
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Figure 4.18: The small-signal model calculated capacésiat a) zero top gate and b) -10 V
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4.3 Curve-fitting

Curve-fitting is needed to gain more insight to the GFET eleait characteristics and to
approximate the contact resistance. Contact resistaneeded to calculate the small-signal
model. An effort was made to fit the measurements to the maseribed by Kim et al [[27].
The model consists of three equations describing how thédevice resistance changes with
applied top-gate voltage:

niot = /13 + n[(Vre — Vore))?

Vrg — Vpre = & + M/ (4.3)

q
- N,

R = Rcontact + Rchannel - Rconmct + e ”
otqH

whereR is the predicted total device resistance ang is the number of squares.

The model was fit to the VI-measurement data with nonlineastlsquares curve fitting
algorithm in Matlab Optimization Toolbox (Isqcurvefit). @mpization algorithm tries to find
parameters that minimize the following cost function

J(x) = (R(x,Vrci) — R(Vic,))? (4.4)
wherex is a vector containing the three unknown parameters: corgastanceR .., iact,
residual carrier density, and mobility. f%(x, Vre.i) is the total device resistance predicted
by the model with parametersand applied top-gate voltagé ;). The actual measured
resistances are denoted witVr¢ ;).

The model described by equatiohs{4.3) agrees well withalteitithe total device resistance
is symmetric with respect top rc, implying that the electron and hole mobilities are equal.
The top-gate capacitance was calculated from the geomgting @evice, i.e. parallel plate
capacitor, but it would have been more accurate to measulieeittly or determine from
the top-gate voltage vs. back-gate voltage slope. Thigaip-capacitance measurement
would not have been possible for SiC GFETSs, because theeback-gate. However, the
measurements with the CVD GFETs were done with relativelgisback-gate voltages and
thus it was impossible to calculate the slope with any aasura

The model for total device resistance assumes that Drudelrfarcelectrical conduction ap-

plies. The Drude model is a classical model, and can be estetadsemi-classical systems.
The model assumes a free-electron gas and long-rangedtideiare taken into account.
Also, electron-electron collisions are not taken into actto

K-fold cross validation was used to get a better idea of thielityaof the model parameters
than just by looking at residuals. Additionally, k-fold esovalidation reveals the possible
case of overfitting. The downside of k-fold cross validatiothat it takes a lot of time even



with Matlab’s parallel computing. In k-fold cross validawi, the data set is divided randomly
into £ equal-sized part§ [47]. Theik — 1) parts are picked to form the training set, and the
remaining part is the test set. Then the model is fitted usimyg the training data. The
performance of the fitted model is evaluated using the test dgince there ark different
ways to pick the test set, the model is fittetimes. Additionally, the split intd subsets is
repeated thrice to compensate the relatively small sizeeofiita sets.

For each repetition of the k-fold cross validation there fargets of different parameters.
Using appropriate statistics an estimate of the sensitofiteach of the parameters can be
acquired. Here, the interquartile range is used to measmsitwity. If the interquartile
range is 'large’, the model is not able to predict the phyigpteenomenon well. Mean of
squared errors (MSE) over the test set is used to measure letvihe model performs
against new data. If the MSE in test set is very different fttemMSE from the training set
MSE, itindicates a possible case of overfitting. The intartjle ranges and mean parameters
are presented in Append¥ B.

In this work, the number of foldg is ten with three repetitions. Matlab crossval-function
in Statistics-toolbox was used. The matlab-code used ®otitimization can be found in
AppendixA.

A practical approach to get better fit between data and medeldetermine the total device
resistance function piecewise [48]. The method in all siaiylis to fit the electron and hole

conduction branches separately. This will naturally reisudlifferent electron and hole mo-
bilities and different contact resistances depending oneraype. The cause for transport
asymmetry is considered to be PN-junctions resulting fréeateode doping. Both contact
resistance and carrier mobility is claimed to contributérémsport asymmetry [48]. How-

ever, the grounds for mobility contributing to transporyrasnetry are wanting and would

require further investigation. Another improvement to thedel would be to integrate an
impurity doping profile to the calculation of carrier contation.

An example of one of the curve-fits for CVD GFET is shown in Fed20. FiguréZ.20
shows that in this particular case the fit looks good; thexnlg a bit of undershooting in
the ’tail’ and some overshooting in the top of the curve.

The curve-fitting results for the SiC GFETs are shown in s[BIF4.%. Each table shows the
model parameters for devices with certain L/W ratio. Measaiared errors of the model
using the whole data set as the training set, is denoted M8E’. Mean of MSEs over
all the test sets (30) of the repeated k-fold cross validasadenoted with 'MSE (k-fold)’
in tables. Additionally, the parameters shown in tableseHasen acquired using the whole
data.

The model predicted values for contact resistance, relsothaage carrier concentration and
mobility vary significantly within each transistor size. i$ls probably due to the observed
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Figure 4.20: Curve-fit for a L/W = 2/50 transistor with zerchgate voltage. SSE=20.0571.

variation between transistors of the same size, and thethacttthe SiC GFETs showed
electron hole asymmetry. The MSE values for both full optiation and k-fold validation
are in the same range for each type of GFET in all tables, ¢xgepable[4.P in which the
MSE values for k-fold validation are much greater than fotirazation with all data. The
transistors in question were not originally expected tacfiom at all because of an error in
fabrication process, and it is possible that this showsénttansistor behaviour and thus in
the curve fit. The MSE values in Taljle¥.1 are the smallestlamg@arameter values are quite
reasonable, though the contact resistance is quite higthamdobility values somewhat low,
e.g. less than 100 citVs. The optimization results in tablEs¥.234.4 are likelgdcurate
because of the high MSE values when compared to Table 4.1hemddsbe regarded with
reservations.

The curve-fitting results for the CVD GFETSs are shown in TaéhRE: Of the eight working
transistors, six could be fit with parameters that are ressen Large (small) MSE-values
mean large (small) error in the fit. The MSE-values in Tdhl# vary between samples
indicating that the model could not predict the data wellllrcases. The k-fold validation
MSE values are presented in Tablel4.5. The MSE values forthethurve-fit with all data
points and with k-fold cross validation are similar. Thiswaindicate that the model is not
sensitive to number of data points. Also, a large differelbesveen the MSE values and
parameter values would indicate that the model is tryingvierfit the data, i.e. too many
parameters.

Most of the measured CVD GFETs had varying degrees of elettote asymmetry. Fur-
thermore, the GFETSs Dirac points were found to change with @easurement until after



several measurements it would stay put. This behaviour ewasifhalfway through the mea-
surements. Then the measurements were repeated unitjl, thel,;-graphs stabilized. The
repeated measurements would also remove some of the asgnimeéieen electron and
hole conduction with several GFETSs.

Table 4.1: Curve-fitting results for SIC GFET with 2/5 L/Witat
Reontact [Q] | no [cm™?] | p[cm?/ Vs] | MSE | mean MSE (k-fold)|

5852 0.834710% | 375.7171 | 2.2747 | 2.9000
12316 0.810010'% | 263.4235 | 45.5417 | 50.5000
4590 1.017910% | 230.9923 | 40.8060 | 42.900
760 3.110010" | 12.2328 628.9936| 14688103
4128 1.693510% | 241.8939 | 3.8118 | 5.2000
4247 1.710010% | 182.4155 | 12.7785 | 13.5000
2515 3.410010'% | 23.4033 3.3298 | 3.5000
4247 1.575110" | 89.5042 25.2531 | 25.8000

Table 4.2: Curve-fitting results for SiC GFET with 4/10 L/Wica

Rcontact [Q] ‘ No [Cm_z]

| 11 [cm?/ Vs] | MSE

| mean MSE (k-fold)|

9.0 2.368010" | 9.6122 0.005710° | 0.001110*
458 3.110110" | 5.4368 1.439110° | 0.162210%
0 2.122810" | 10.1389 0.026610% | 0.003310*
0.3267 2.545510 | 10.0619 0.023310% | 0.002910*
7827 1.310010"* | 60.1661 0.558210° | 0.069710*
20449 1.610010" | 11.7592 8.7789-10° | 1.0427-10*
1203 2.321010" | 10.0870 1.577710° | 0.191510%
137 1.869310" | 16.8367 0.099210% | 0.0115-10*
4615 2.2052-10'% | 23.0965 0.370910% | 0.0429-10*
3256 2.634010" | 19.5447 0.447110% | 0.049510*
4552 1.273410" | 221.6210 | 0.001910° | 0.000310*
2323 3.310010" | 31.8193 0.004910% | 0.000510*
7493 1.210010" | 267.7412 | 0.0367-10% | 0.004810*
5730 0.875210'% | 465.1963 | 0.075010° | 0.009910*
4509 1.320110% | 97.8169 0.053510% | 0.007310*

It should be noted, that the contact resistance hevat iscaled with W/L, but is the resistance
per square. For exampl&,......: = 19.1€) for a 1/50 CVD GFET is the resistance value per
square, and to get the total resistance value at a certaigatgpvoltage, one should use

Equation[[4.B). The contact resistance in this case woulll .hg..;. = 5—10 -19.1Q = 955Q.

4.3.1 CVD GFET measurement uncertainty

Graphene transistors are generally known to exhibit inlgtain the location of the Dirac
point. In top-gate sweep measurements, the location atidy@s also the magnitude of the
Dirac point would change with each sweep. In the CVD GFETdate sweeps, the location



Table 4.3: Curve-fitting results for SIC GFET with 1/1 L/Witat

Rcontact [Q] ‘ No [Cm_z]

| 11 [cm?/ Vs] | MSE |

mean MSE (k-fold)|

10999
16868
10217
29971
17095
0
16206
18805
15807
131

0
29759

2.010%10"8
1.871910"
1.410010"
0.410010"*
1.010010'3
2.683210'3
0.510010"3
1.106310"
1.410010"
3.728410"3
3.778210"3
0.509710"3

0.04471103
0.038210?
0.110310%
1.281310°
0.1355103
0.0138103
1.2726103
0.1221103
0.1119103
0.0090103
0.0088103
1.1337103

0.325510*
0.692310*
0.032710*
0.100810*
0.003110*
0.001610*
0.436710*
0.235610*
0.024010*
0.000410*
0.142910*
1.532910*

0.439010*
0.882510*
0.033510*
0.112110*
0.003710*
0.002210*
0.587310*
0.239010*
0.075810*
0.000510*
0.177610*
2.944110*

Table 4.4: Curve-fitting results for SIC GFET with 0.5/1 L/\atio.

Rcontact [Q] ‘ o [Cm_2]

| 11 [cm?/ Vs] | MSE |

mean MSE (k-fold)|

0.0257
17187
5980
1
3492
3510
4409
5505
1762
4484

3.405210"
0.410010"®
2.384010"3
4.406610"3
4.931810"3
4.910410"3
2.898410"3
2.891810"®
4.910010"
3.897010"

4.6606
705.4117
25.6775
5.3303
11.7472
16.5585
31.6841
148.4276
9.6897
2.1255

0.120810°
0.1143103
0.0277103
0.2271103
0.1518103
0.0143103
0.0380102
0.0148103
0.0942103
1.035310°

0.1227103
0.1251103
0.0406103
0.3876103
0.1764103
0.0162103
0.0527103
0.0176103
0.1277103
1.210310°

and magnitude of the Dirac point changed with most GFETs asisltin Figurd 4 IP. The
Dirac point was found to fix at a certain value after severadeps.

Graphene is easily contaminated because it is a surfacthdyetare ways to clean graphene.
First, annealing at ultrahigh vacuum or Ay¥lenvironment is proven to clean graphene. The
downside of this method is that the graphene samples mapnt@omate when transferred
from the annealing chamber. Second method is to clean tiplhgn@ samples with driving

Table 4.5: Curve-fitting results for CVD GFETSs.
| LIW | Reontact [Q] | no[em™@] | p[cm?*/ Vs] | MSE | mean MSE (k-fold)|

1/50 | 19.3 1.910" 2177 4.8726 | 5.7628
1/50 | 19.1 6.1.10'2 519 0.5195 | 0.6262
2/50 | 14.6 2.910"2 1151 6.1477 | 6.7512
2/50 | 43 1.210" 3955 87.7654| 96.2758
2/50 | 33.5 1.810" 2250 13.0291| 13.6072
4/50 | O 3.2510'% | 1286 24.8477| 28.7943
4/50 | O 3.1410" | 1284 1.7941 | 2.2392




a relatively high current (milliamperes) through the sae{dB]. The current-induced clean-
ing is easily performed when measuring electrical chareties of GFETs. The downside
of this cleaning method is that the GFET may be damaged in theeps, though accord-
ing graphene can withstand significant currents withoutatgen This method is based on
electromigration and Joule heating.

The current induced cleaning was tried on a CVD GFET samplieglbaning was not used
methodically on all samples because there were only a fevgdB8)ples and the cleaning
might have damaged the samples. In future measurementy liert@eneficial to use current-
induced cleaning if the GFET damage thresholds are meaftsted



Summary

Graphene is an interesting new material that is relativaydo produce. It has so many
interesting potential applications that it could become’ttrew silicon’. The many electrical
and mechanical properties of graphene make it a 2D wondedaphysics, not to mention
the bountiful chemical properties that have only just begdre researched. It is no surprise
then, that graphene is researched in several fields and ngiwgsiare reported almost every
week.

This master’s thesis begun as a part of a joint Nanoradieptoand the ambitious goal in
the beginning was to create a DC and small-signal model, &tocticuit simulations could
be made in the near future.

A literature survey was carried out and the state-of-the=&ETs were compared to the
NMOS technology. GFET small-signal models have been medels MOSFETS in liter-
ature and the same approach was used in this thesis. DC regsnis were made on the
SiC based GFETs and CVD GFETs. The SiC GFETs were found to ftyenemuniform

in electrical properties due to unintentional doping, ¢pege quality and contact resistance.
CVD GFETs showed more uniform operation and were superitrd&iC GFETSs.

The measurements on CVD GFETs showed that the Dirac pointiwander with repeated
sweeps due to sample contamination. Future measuremenikd shclude stability and
durability measurements on GFETs. The top-gate sweepd beulepeated at certain time
intervals to find out if the ambient environment changes tbetecal properties. At the mo-
ment, the wearing of the contact electrodes constrainsuheer of measurements that can
be performed on a GFET to less than ten if the probe tips deslldfter each measurement.
This will make it difficult to observe how the properties cgarwith time.

The DC measurement data was plotted and a commonly used fioodetal device resis-
tance was chosen to fit the data, and to extract contactaesetconductivity mobility and
residual carrier concentration. The total device resanodel was validated using k-fold
cross validation. Good GFET samples were chosen for S-pesimmeasurements. Alas,
the calibration of the network analyzer turned out to be aliffiand thus only one sample
was accurately measured. The small-signal model parasnater cut-off frequency were
calculated from the S-parameter data. The measure GFETeshaweut-off frequency of
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80MHz at maximum. The cut-off frequency coincides with thedretical calculation that
predicted approximately 140 MHz for the CVD GFETSs.

GFETs are at the moment very interesting for RF applicatibesause the cut-off frequency
can potentially be raised to the teraHertz range. Howelverpperation of GFETS is limited
by the low current on/off ratio and high contact resistadso, the question of the existence
of full current saturation in graphene remains. The impuaréeof reducing contact resistance
is crucial in GFETs with very short channel, because highamiresistance may otherwise
limit the operation and thus lower the cut-off frequencyrtrarmore, the cut-off frequency
is dependent on the channel length; short channel meanstigff frequency.

Another issue is the very low gain of GFETs. The gain is linhiby the contact resistance,

current on/off ratio and nonexistent current saturatiominds needed in order to cascade
GFETSs. The low gain is one of the main reasons why there hbseit an integrated circuit

with GFET technology yet, though IBM is said to be working ographene IC.

All in all, the first GFETs were made just some six-seven yegs, and the pace of im-
provement is fast. It took decades for silicon technologgefmace old vacuum tubes. The
main issue in graphene technology actually getting to tlmsegmer markets is the big semi-
conductor companies themselves. The success and fall ohiadegy in the end is dictated
by the fine dance of ecomics with the need for better, fasteistnonger transistors.
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Appendix A

The curve-fitting MATLAB-script

The main program is shown below.

%20 Groundwork
clear all;
close all;

% destroy backups
delete (. uix~");

tdstot= dir ('x.uix"’);

%load data, filename here

filut=cell(size (tdstot));

[filut{:}]=tdstot.name;

% filut is a cell array with file names as elements

folds = 10;

repeats = 3;

%constants

d= 25e-9; %oxide thickness

% L x W= 2 micron * 50 micron
Nsgl =1/50; % L/W SIC102
Nsg2=2/50; % SIC505
Nsq3=4/50; % SIC105

Cox=3.2e-7; %F/cm2 ; %e _r =9 assumed
meanParams=nan(length (filut) ,3);
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STDParams=nan(length (filut) ,3);
minParams=nan(length(filut) ,b3);
maxParams=nan (length (filut) ,3);
finalParams=nan(length (filut),h3);

meanMSE=nan (length (filut) ,1);
stdMSE=nan(length (filut) ,1);
minMSE=nan (length (filut) ,1);
maxMSE=nan (length (filut) ,1);
finaIMSE=nan(length (filut) ,1);

tTotal = tic;

for i=1:length(filut);
nimi=filut{i};
DATA=load (nimi);
Id=DATA(: ,2);
Vg=DATA(: ,1);
Vd=DATA(: ,3); % drain—source voltage
%the total resistance is the current divided by
%source-drain voltage
R=Vd./Id;

%insert here the correct dirac point value
[I[dp minldInd]=min(1ld);
Vdp=Vg(minlidind);

%Vdispl is a vector
Vdispl = abs(VgVdp);

switch nimi(1:4)
case ’'cvd7’
Nsq=Nsql;
case ’'cvd5’
Nsgq=Nsqg2;
case ’'cvd2’
Nsg=Nsq3;
end



OptFun = @(Vdispltrain, Rtrain, Vdispltest, Rtest) optimMNsq,

Vdispltrain , Rtrain, Vdispltest, Rtest);

fprintf(’Starting crossval for file #%d: %s\n’,i, nimi);
tFile = tic;
%k—fold cross validation , k=10 by default

paroptions = statset(’'UseParallel’, always ’);
vals = crossval (OptFun, Vdispl, R, ’'kfold’,6 folds, 'mcreps
repeats ,’Options’, paroptions);

toc(tFile)

fprintf (' Crossval at end\n’);

meanParams (i ,:)=mean(vals (:,1:3));
STDParams(i,:)=std(vals (:,1:3));

minParams (i ,:)=min(vals (:,1:3));

maxParams (i ,:)=max(vals (:,1:3));

meanMSE (i ,:)=mean(vals (:,4));

stdMSE (i ,:)=std(vals (:,4));

MINMSE (i ,:)=min(vals (:,4));

maxMSE (i ,:)=max(vals (:,4));

finalvals = optimVal(Nsq, Vdispl, R);
assert(size(finalvals ,1) == 1);
finalParams (i ,:) = finalvals (1:3);
finalIMSE (i ,:)=max(finalvals (4));

savefile=["matfiles/’ nimi ’'.mat’];
save (savefile, 'vals’, ’'finalvals ', ’'folds’, ’'repeats ’)
fprintf (" File #%d, %d vals\n’, i, length(vals));

end
toc(tTotal)

The function that performs the optimization and crosseatlon is shown below.

function [vals]=optimVal(Nsq, Vdispltrain, Rtrain,...
Vdispltest , Rtest)

%constants



d= 40e-9; %oxide thickness
Cox=1.9921e-07; %e _r =9 assumed

%% Lsq curvefit
%let’'s create an anon. function R

Rtot=@(Rc,n0,u, Vdispl) Rtotal(d,Nsq,Cox, ... % vakiot
Rc,n0,u, ... % parametrit
Vdispl);

R _curvefit=@(params,data) Rtot(params(1l), params(2),
params (3), data);

%% Algorithm

%guess x0
r_=[5500:100:7000];
n_=[lell:1el2:5e13];
u_=[100:100:2000];
xOvals=struc(r_,n_,u_);
xOmin = [0 0 O];

xO0max = [];

trainParams=nan(size (x0vals));
trainMSEs=nan(size (x0Ovals ,1),1);

for i=1:length(x0vals)

[x,resnorm ,residual , exitflag ,output ,lambda, jacobilan..
Isgcurvefit(R_curvefit, xOvals(i,:), Vdispltrain, Rtia,
x0min, xOmax, ...
optimset(’'Display’, 'none’));

trainParams (i,:)=X;

trainMSEs (i)=mean(residual ."2);

%fprintf ('%d/%d\n’, i, length(x0Ovals));

%fprintf ("lIsqcurvefit: Rc=%.3f\nn0=%.3f\nu=%.3f\n" ,...

x(1),x(2),x(3));

end

[MINMSE ind]=min(trainMSEs);
bestParams=trainParams(ind, :);

if exist(’'Rtest’, ’'var’)



RtestEstimated = R_curvefit(bestParams, Vdispltest);
MSEtest = mean(( Rtest RtestEstimated).”2);
vals=[bestParams MSEtest];

else
vals=[bestParams minMSE];

end

The function below defines calculates the total device t@sce.

function [Rtotal] = Rtotal (...
d,Nsqg,Cox, ... % constants
Rc,nO,u,...

Vdispl) % "x"

hbar = 1.05457148e34;

g = 1.6021e-19; %elementary charge

e0= 8.854e-12; %vacuum permittivity

er= 9; %AI203 dielectric const. value ranges from8.
v_F= 1.1e6,;

a=q/Cox;
b=hbarxv_Fxsqrt(pi)/q;
n= ((—b+sqrt(b.”2 +(4xa.xVdispl)))./(2.xa))."2;

Rtotal=Rc + Nsq./(sqrt(n0”2 + n."2%q.xu);



Appendix B

Statistical analysis of the k-fold cross
validation

Table B.1: The CVD GFET curve fit parameter interquartilegemand k-fold cross valida-
tion mean parameter values.

MeanR, [Q)] | R, IQR | Meann, [cm~2] | ng IQR | Meany [cm?/ Vs] | 1 IQR
0.0 0.0 31.354610% 0.210% | 1284.04 6.9
0.0 0.0 32.585510! 0.810% | 1285.14 29.1
33.5 0.5 17.8381-10" 0.410% | 2249.44 62.9
42.9 24 11.9527.101 1.510'" | 3967.67 542.9
14.5 1.4 29.303510% 1.010' | 1149.84 64.3
37.0 0.4 26.7222-10" 0.7-10% | 3172.09 127.9
19.1 0.4 61.0147-10 1.010'" | 519.345 9.0
19.2 1.1 19.3884.10! 1.310' | 2180.39 218.5

Table B.2: The SiC GFET with 2/5 L/W ratio curve fit parametaerquartile ranges and
k-fold cross validation mean parameter values.
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MeanR. [Q] | R. IQR | Meann, [cm~2] | ng IQR Meany [cm?/ Vs] | uIQR
5846.8 22.0 0.837927.10" | 0.014477210% | 373.0 16.9
12386.0 2245 | 0.77669610'% | 0.10000510* | 307.2 108.8
4582.3 140.1 | 1.02052-10% 0.079158610'% | 233.0 49.0
2215.7 5562.5 | 2.5067-10'3 1.92592.10'3 254.2 1415
4138.1 74.5 1.6724610'3 0.12308210'% | 255.9 52.1
4223.3 76.0 1.7381310'3 0.089720410' | 176.0 25.4
2444.8 219.6 | 3.4366610' 0.10000410'% | 22.8 2.2
4247.2 132.4 | 1.57432-10% 0.065344610'% | 89.9 10.5




Table B.3: The SiC GFET with 4/10 L/W ratio curve fit parametgerquartile ranges and
k-fold cross validation mean parameter values.

MeanR, [Q] | R. IQR | Meann, [cm~2] | ny IQR Meany [cm?/ Vs] | 1 IQR
401.8 16.3 2.31841.10% 0.0025779710" | 10.5 0.0
262.0 429.7 | 3.1332210% 0.083791910'% | 5.3 0.3
0.0 0.0 2.1229-10%3 0.0024467810'3 | 10.1 0.0
73.2 4.7 2.53507-10"3 0.0051178110"% | 10.2 0.0
7790.0 8.7 1.31993 1013 9.828e-0510"3 59.6 0.2
20388.8 2737.6 | 1.6033810"® 0.200011:10"3 12.7 3.9
1186.2 249.5 | 2.32301.10*3 0.042880610'* | 10.1 0.4
400.3 69.3 1.8298910'3 0.0096458610'3 | 19.0 0.2
4623.0 183.9 | 2.2025310"® 0.049937810'% | 23.2 14
3253.3 111.4 | 2.63491.10'3 0.045612510'% | 19.5 0.8
4560.1 66.5 1.2652510'3 0.060135610'% | 227.8 27.0
22104 151.5 | 3.38997-10%3 0.10001-10*3 29.9 2.8
7454.5 113.7 1.24-10% 0.10011310" 269.9 52.4
5707.2 108.1 | 0.89173910'% | 0.10255410'3 457.3 132.5
4503.2 130.1 | 1.3207-10'3 0.0592211.10'% | 99.3 111

Table B.4: The SiC GFET with 1/1 L/W ratio curve fit parametaierquartile ranges and
k-fold cross validation mean parameter values.

MeanR, [Q] | R. IQR | Meann, [cm~2] | ny IQR Meany [cm?/ Vs] | 1 IQR
9901.1 4870.1 | 2.1187-10"3 0.80011810" 49.1 44.3
16867.2 34.9 1.8723810'3 0.014640910'3 38.2 0.4
10217.2 5.9 1.41001:10'3 9.06126e-0810" | 110.3 0.2
29809.0 417.8 | 0.446591:10'* | 0.10005410' 1095.3 516.4
17407.0 781.1 | 0.97001910'% | 0.099929110" 154.8 45.8
1.7 1.0 2.6829510% 0.0025721410'% | 13.8 0.0
16066.7 219.9 | 0.57241310"% | 0.101081.10% 1109.2 414.8
18809.1 26.4 1.10563 103 0.0036202210'% | 122.2 1.0
16002.1 439.8 | 1.3566610'3 0.100092:10'3 141.4 23.4
522.8 657.5 | 3.68662-10'° 0.070427410"3 9.3 0.5
0.1 0.0 3.77962-10% 0.0232267.10'3 8.8 0.1
26970.9 378.5 | 0.83514810'% | 0.25929910% 1518.1 1147.2




Table B.5: The SiC GFET with 0.5/1 L/W ratio curve fit parametgerquartile ranges and
k-fold cross validation mean parameter values.

MeanR. [Q] | R. IQR | Meann, [cm~?] | ny IQR Meany [cm?/ Vs] | 1 IQR
0.4 0.2 3.4056510% 0.0023405310'3 | 4.7 0.0
17169.8 4.8 0.41493610"* | 3.91816e-0710"% | 690.9 4.0
5993.1 128.5 | 2.3800510% 0.038827810'3 25.8 1.1
265.8 347.0 | 4.3564310" 0.096441:10"3 55 0.3
3525.2 15.7 4.9129510" 0.0045633710'% | 11.9 0.0
3510.8 11.9 4.9102910" 0.00034369310'3 | 16.6 0.1
4391.8 172.7 | 2.9061310" 0.08864-10'3 31.5 2.5
5509.5 12.7 2.8799910% 0.038419810'3 150.5 4.5
1763.2 36.0 4.9104810" 0.00031242210% | 9.7 0.1
77.2 32.5 3.89257.10%3 0.017141610'3 2.1 0.0
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