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SUMMARY

Graphene, a two-dimensional counterpart of three-dimealsigraphite, has
attracted significant interest, due to its distinctiveceical and mechanical properties,
for developing electronic, optoelectronic, and sensor tdogres. In general, doping of
graphene is important, as it gives rise to p-type angp@-tmaterials, and it adjusts the
work function of the graphene. This adjustment is resogsin order to control charge
injection and collection in devices such as solar @ail$ light emitting devices. Current
methods for graphene doping involve high temperature processtevactions with
chemicals that are not stable. Moreover, the processansferring graphene from its
growth substrate and its exposure to the environment sasudt host of chemical groups
that can become attached to the film and alter @stenic properties by accepting or
donating electrons/holes. Intentional and controllaldping of the graphene, however,
requires a deeper understanding of the impact of theseyrblup proposed research will
attempt to clarify the unintentional doping mechanisrgraphene through adsorption or
desorption of gas/vapor molecules found in standard envieots. A low temperature,
controllable and defect-free method for doping graphenerdaydl also be studied
through modifying the interface of graphene and its suppbstsate with self-assembled
monolayers (SAMs) which changes the work function drage carriers in the graphene
layer. Furthermore, current methods of chemical vapor sigmo synthesis of graphene
requires the film to be transferred onto a second mtbsivhen the metal layer used for
growth is not compatible with device fabrication or ofiera To address this issue, the
proposed work will investigate a new method for wafer sdadamsfer-free synthesis of
graphene on dielectric substrates using new carbon sourbés technique allows

patterned synthesis on the target substrate and is dblapatth standard device
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fabrication technologies; hence, it opens a new paghHar low cost, large area synthesis

of graphene films.
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CHAPTER 1

INTRODUCTION AND MOTIVATION

1.1. Background

Graphene [1-2] is a flat monolayer of carbon atomangied into a 2 dimensional
honeycomb lattice, and is the building block for varidoems of carbon materials
ranging from 0-D fullerenes (C60, C70) to commonplace 3dplgte (pencil lead). The
concept of a graphene sheet rolled into 1D carbon nbhesthas attracted vast interest in
material science and nanoelectronics in the last tveacd$s [3]. Figure 1.1 shows the

formation of various graphitic structures from graphene.

Figure 1.1.Formation of 0-D (buckminster fullerenes), 1-D (carlbamotubes), and 3-D

(graphite) from graphene. Picture taken from [1].



Graphene has distinctive electrical properties thakemit a very powerful
material for electronic device applications [1, 4-6]. Grayghis a zero-gap semiconductor
with zero effective mass for electrons and holegy\tew scattering of charge carriers
and relative temperature independence, even up to room regomee results in high
carrier mobility on the order of 200,000 @s [7] in graphene. Furthermore, graphene
can carry an exceptionally large current densities. Tieakidown current density of
some graphene nanoribbon devices is in the range of 108 jgtnThese electrical
properties enabled graphene-based field effect transigt&iEs) to operate in the 155

GHz regime, showing its potential to be used in integreitedits [9].

Figure 1.2. (Left) Schematic view of a top-gated graphene transstodiamond-like
carbon substrate. (Right) This graphene wafer contaimise than 22,000 field effect
transistor (FET) devices and test structures. Pictukes taom [9].

Graphene is highly transparent; it absorbs 2.3% of wigte. Falkovsky [10]
showed that reflectance from the monolayer is detenfor the infrared region by the
intraband Drude-Boltzmann conductivity and for higher freqigsnby the interband
absorption. At low temperatures and high carrier dessitithe reflectance from

multilayers has a sharp downfall with a subsequent plaidsse features are caused by



the excitations of weakly damped waves in conditionsdioéct interband electron
transitions [6].

High electrical conductivity, low sheet resistanced good transparency make
graphene a potential candidate for primary transparemdumbive electrodes in
applications such as touch screens, [11] liquid crystaladisp[12] organic photovoltaic
cells (OPVs), [13-14] and organic light-emitting diodes (OIS [15] or as an interface
modifier to improve charge injection or collectiondavices [16-17]. Figure 1.3 shows a
graphene-based touch-screen panel. Multi-layer grapheb&)Mims were applied as
transparent conductive electrodes in organic photovoliaicices (OPVs), and this
resulted in a power conversion efficiency (PCE) of ~ 1.3%e PCE was further
enhanced when a hole-blocking ki@yer was inserted in the device as shown in Figure

1.4.

Figure 1.3. (Left) assembled graphene/PET panel showing outstgndexibility.
(Right) A graphene-based touch-screen panel connectedctonputer. Picture taken

from [11].

PEDOT:PSS

s
Graphene ©%°

Figure 1.4. Schematic diagram of the photovoltaic device structuite multi-layer

graphene (MLG) electrodes and a hole-blockingxTlg&yer. Picture taken from [13].



The electrical properties of graphene are also sendibivihe adsorption and
desorption of gas molecutles, making it very attractigea detector material for gas
sensors [18-20]. Improvements in the effectiveness of rieduchethods to form
graphene layers from graphite oxide opened a door to a wveidgerof possible
application, one of which is for chemical sensors. ueigh conductivity in single layer
graphene, any adsorption of gas molecules is detectablegh measuring the change in
resistance; this change is detectable at room temperdasse Fowler et al. [21] reported
on the development of a new graphene-based chemicalrsdnigure 1.5. shows an
interdigitated planar electrode array in which graphsm@aduced using spin coating of
hydrazine dispersions. The sensor response is consistént avicharge transfer
mechanism between the analyte and graphene with aedinmgle for the electrical
contacts, as shown in Figure 1.5. However, these satysif graphene to the exposure
of gas species normally found in the environment also ntiag&econtrol of electrical

properties more difficult due to potential variabilitytivichanges in the surrounding

environment.

1 mm

Figure 1.5. (Left) Micro hot plate (MHP) sensor showing interthdged electrodes

layered over heated leads. (Right) Four-point intéated electrode sensor.



Graphene sheets have been produced mainly by exfoliatippagra flakes from
bulk graphite and depositing them on the $30 substrate [1-2]. However, the size,
deposition, and crystalline quality of graphene are nadlyeamtrolled. Professor Walter
de Heer’s group at Georgia Institute of Technology has gepataxially graphene sheets
on SiC(0001) for the first time [22-23]. However the graph&yers have had wide
variation in thickness, and it is challenging to detdobm from the expensive SiC
substrate. Solution based synthesis of graphene has beelopaéel to produce large-
scale films [24-26]. However, the quality of the graphsymthesized in this way is low
compared to other methods. To address issues for syntielisge scale and high
quality graphene, the chemical vapor deposition (CVDhowthas been introduced to
grow films on transition metals [27-28]. Current techniquastiie CVD synthesis of
graphene often utilize metal substrates such as coppernid@l, [30] iridium, [31]
along with gaseous hydrocarbon sources, to form graphemghatemperatures. While
highly scalable, this methodology has a drawback inttiatgraphene film needs to be
transferred onto a different substrate after synthesisause the metal films used in the
synthesis are not compatible with the operation of m@sbetectronic or electronic
devices. In addition, polymers and many low cost glasstraibs are not compatible
with the growth temperature of the graphene. In practices difficult to transfer a
pristine sheet of large area graphene without leaving signifiwrinkles, cracks, and
voids. Thus, routes that can directly synthesize larga graphene films on dielectric
substrates in a manner that mitigates these challergesaded.

Moreover, the process of transferring graphene from sarestrate to another
often involves exposing the graphene to both aqueous andpdiEnmsgas environments,
where a host of chemical groups can become attachbd twdaphene. These groups have
the ability to unintentionally dope the graphene and alteeldetronic properties that are
important for most sensor and transistor applications. vidr@&tion in mobility and

charge carrier concentration depends on the donor optacceature of the chemical



groups. Controlling the exposure of graphene to these groupsiggdhe opportunity to
further tailor its electronic structure by altering thesoncentration. Therefore,
understanding the mechanism by which CVD graphene is dopedadstitbed oxygen
and moisture, which are byproducts of the transfer proisessjuired in order to develop
appropriate post-transfer treatments for adjustingptiesence of these groups on the
graphene surface to obtain desired electrical propedtidbéd film.

As mentioned earlier, due to its peculiar electronapprties, graphene has been
proposed as a candidate for CMOS and post-CMOS elexdrohese remarkable
electronic properties and the compatibility of graphenda \Bit lithographic techniques
promise to simplify the transition to graphene-basedteaics. However, in order to
make electronic applications of graphene realistic, one tbanecessarily tune its
electronic properties, so that, for example, a band gepreeduced. The realization of a
proper band gap is critical for device performance. Intaadiintentional doping of the
graphene is important, as it gives rise to p- and n-typtemals that are important for
field effect transistor applications. Traversi etddveloped the first integrated circuit (a

complementary inverter) on graphene as shown in Figurg2]6

(a)

— OUT

Figure 1.6. Schematic of graphene integrated circuit (complemeritesgrter). Picture

taken from [32].



The key to obtaining a functional integrated circuit gsmnaphene was to change
the type of one of the transistors from p-type to petypy Joule heating. An ideal
graphene transistor is n-type, meaning that electronscpagnt, when a positive voltage
is applied to the gate, but it is p-type when a negatbleage is applied. As explained
earlier, oxygen and moisture in the air unintentionallpedgraphene, making p-type
transistors. Joule heating was utilized to remove tbhesgminants from one side of the
circuit and therefore restore n-type behavior. Inway, two transistors of opposite type
were integrated on the same graphene sheet. This gaansfstors forms a digital logic
inverter, a basic building block of CMOS.

With respect to optoelectronic device performanceribst attractive features of
graphene sheets are their high transparency in the evigibt range and their low
resistivity; these qualities makes graphene an ideallidate to explore further its
potential as a transparent electrode. To this end, tatgns in the work function of the
graphene is necessary to control charge injection alection in devices such as solar
cells and light emitting devices. Han et al. have deedoextremely efficient flexible
organic light-emitting diodes (OLEDs) by improving the wdéwkction and reducing the
sheet resistance of graphene films to the level reduior electrodes [33]. They
demonstrated a method to increase the surface work fan@tiy) using conductive
polymer compositions. This enhanced WF enabled holes injdited easily into the
organic material despite the high hole-injection barge the interface between the
graphene anode and the organic layer.

Overall, the doping of graphene films has been studwedugh electrostatic
gating, [34] interaction with chemical species, [11, 35] emercalation methods, [36]
showing that the variation in mobility and charge carciencentration depends on the
donor or acceptor nature of the chemical. Howeverséhmethods are not stable and

usually introduce defects in graphene structure that negatirgact its electronic



properties. Therefore, a defect-free and stable methedetde p- and n-type graphene

without degrading the performance of the device is required.

TBADN:DPAVg;

TBADN:NPB:DPAVgj
TBADN:NPB:rybrene

Figure 1.7.(Top) Device structure for flexible OLEDs. (Bottom) @pt image of light

emission from a flexible fluorescent green OLED. Petiaken from [33].

1.2. Goals of the Research

The objectives of this study are two folds. Firsg ¢joal is to develop a method to

directly synthesize graphene on a target substrat®wtitiequiring a transfer step. This



method should be easy to perform, scalable, and allownidorm or patterned graphene
films to be formed on the substrate with limited preo&s subsequent to the synthesis
step. Secondly, a new approach to modify the inteff@t@een graphene and the target
substrate will be utilized towards the formation of petyand p-type graphene; the new
approach will show improved performance over current agpesa This method aims to
provide a systematic approach to tailor the electronic ptiepeof graphene for p- and n-
type field effect transistors through a defect-freey l@mperature process. However,
intentional and controllable modification of the grapheequires a deeper understanding
of the impact of chemical groups on its electronic properinduced by the transfer
process. A vacuum annealing study will be proposed to unddrste adsorption and
desorption of functional groups/molecules on the surddagaphene, and controlled gas
exposures will be used to reconstitute their makeup ergtaphene surface. This will
give insight into the environmental stability of the dapiof graphene layers used in
electronic applications. The dissertation format Wwél as follows. Chapter 2 will give
background information and theory necessary for Chapter£Bepter 3 will summarize
the growth and transfer process of CVD graphene filmsl usethis study and the
corresponding characteristics study before and atiester of CVD graphene. Chapter 4
will demonstrate a comprehensive study of the impact of @mviental exposure on the
electronic properties of graphene films. Chapter 5 viiitidate the doping process of
graphene films and the formation of graphene-based p-tignecChapter 6 will present
new routes for the synthesis of graphene films usatig sarbon source and trace carbon
dissolved in metals. Finally, Chapter 7 will give a corhpresive conclusion and propose

future works.



CHAPTER 2

RELEVANT BACKGROUND AND LITERATURE REVIEW

2.1. PYSICAL PROPERTIES OF GRAPHENE

Graphene is a single layer of carbon atoms arrangadhimneycomb structure.
The s orbital and two of the p orbitals from the secondrgy level of carbon are
hybridized to form three hybrid orbitals. This kind of hzation is called sp
hybridization. It has three hybrid orbitals as wellamsunchanged p orbital called2p
The geometric arrangement of these thréehgprid orbitals is in a flat plane with 120
degree angles between them. The leftover dpital lies at a 90 degree angle to the
hybrid orbitals. This kind of hybridization occurs when goaratom is bonded to three
other atoms. All sporbitals form -bonds with the sporbitals of the neighboring carbon
atoms in a single layer graphene. The bonding orbitalcaged with each -bond is
occupied by two electrons (spin-up and spin-down). Theo2pital sticks out of the
plane and forms-bonds with neighboring 2porbitals. Figure 2.1 shows the

hybridization of carbon atoms in a graphene structutetaa formation of and bonds.
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Figure 2.1. S¢ hybridization in carbon. (a) and (b) show formatimistrong and

bonds in graphene, respectively.
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The crystal structure of graphene in Figure 2.2 showsgitagthene is made of
carbon atoms arranged in a hexagonal honeycomb-liketste. It can be imaged as a
triangular lattice with a basis of two atoms thag sinown as red and blue solid dots. The
two lattice vectors can be written as:

# fweg  , # (& 2-1
where a ~1:42 A is the carbon-carbon distance.
In the Brillouin zone (BZ), the Dirac cones are kmrhat two cornerkK andK', which are

of particular importance. Their positions in the reagal space are:

+ + + +

) " T T D e 2-2

and the three nearest-neighbor (NN) vectors in Eadesare:

‘e, lw(&', # ./0 2-3

From these vectors, we can construct the Brillownez(BZ) by forming perpendicular
bisectors of these reciprocal lattice vectors. Thisstroiction is shown in Figure 2.2, and
gives a hexagonal BZ, with a few key high symmetry [goifihe point is at the zone
center, and there are two inequivalent points at theecs of the zone, labeled Byand
K'. As will be shown later, these points give risehe intriguing electronic behavior of
graphene. The last interesting point is the M poin@atied midway between poinksand

K" along the zone boundary.
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Figure 2.2. Honeycomb lattice and its Brillouin zone. (Left) ttiee structure of
graphene, made out of two interpeneterating latticean@ a are the lattice unit vectors,
and ; are the nearest-neighbor vectors. (Right) correspgr@rillouin zone.

The Dirac cones are located at thandK' points. Picture taken from [37].

2.2. Electronic structure of graphene

P.R. Wallace first calculated the band dispersiorg@phene using a tight-

binding method [4]. The Hamiltonian in second quantizatiomfs given by:

2 ( Bgo% 45676( 3g1<o% 4 45676 2-4

where#. - (#,-) creates an electron with spinon siteR on sublattice A>; - (> 2)
creates an electron with spinon siteR; on sublattice Bt; is the NN hopping amplitude,
andt; is the NNN hopping amplitude.

Making a Fourier transformation &f results in the Hamiltonian in momentum

space [37], which is given by:

12



where the coefficients are defined as:

Be (D o*EFE’ KLME'HI o, 4F PeHD, 2.6
] )
( *QFsTruvEw ,,4Q Y7, 2-7

Z ([ NP* # L rEH LAY B HE 82

This Hamiltonian can be represented by a 2 by 2 matrix ldliagonalization of this

matrix gives the band dispersion as:
cqg® 4 e Af B( 9B, 2-9

FU \TUV*-W ;, TUVEW , 4 TUVIE W, 2-10

where "+" applies to the upper band while "-" applieshi® lower band. From Eg. 2-9,
the band structure is symmetric around zero energy # O, but the electron-hole
symmetry is broken and the upper and lower bands becsymaeetric for finite 4.

The whole band dispersion of graphene is shown in Fign&evith finite ¢ and

t,. The bands near one of the Dirac cones are alsersimthe inset in Figure 2.3. This
dispersion can be obtained by expanding Eq. 2-9 aount gwint, as® ) @4 I\ (the

vector K is given by Eq. 2-2) with#l j) @and ignoring thestterm, since £ is small

enough. This approximation results in:
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c%® 1d  e*Zky, 4*Tky, 4n.k,04n.k,011-2

do ,i4qrh s 2-12

x 4
Figure 2.3. Electronic dispersion in the honeycomb lattice. (L&hergy spectrum (in

units of t) for finite values of t and t', with t=2.7 end t'=-0.2t. (Right) Inset of the

energy bands close to one of the Dirac points. Pitaken from [37].

Equation (2-12) gives the Fermi velocity of the carriergraphene with a value,

Huy wy Xy z . Graphene electronic dispersion in Figure 2.3 showshbatarriers

in graphene are Dirac fermions, which should be describethdyDirac relativistic
equation.

2.3. Raman spectroscopy in graphene
Raman spectroscopy is a spectroscopic technique used to \shudtional,
rotational, and other low-frequency modes in a systemelids on inelastic or Raman
scattering of monochromatic light, usually from a fasethe visible, near infrared, or
near ultraviolet range. The laser light interacts vpitlonons through the excitation and

relaxation of charge carriers in the system, remulin the energy of the scattered
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photons being shifted to higher or lower energies. The ishihe energy of the photons
is related to the energy of the zone center optit@npn modes in the system. An
understanding of the phonon dispersion is essentialégiat the Raman spectra. Since
there are two carbon atoms, A and B, in the unitakedraphene as illustrated in Figure
2.2, one must consider 6 coordinates to interpret phonooes thhey are considered as
mechanical vibrations in the system. The secular equdtiobe solved is thus a
dynamical matrix of rank 6, such that 6 phonon branchesaahieved. The phonon
dispersion relation of the graphene comprises threeaistic (A) branches and three
optical (O) branches. The modes are associated withofqulane (Z), in-plane
longitudinal (L), and in-plane transverse (T) atomitions [38].

Figure 2.4 shows the phonon dispersion branches of graphleaehree phonon
dispersion branches, which originate from thpoint of the Brillouin zone, correspond
to acoustic modes: an out-of plane mode (ZA), an ingpteansverse mode (TA), and in-
plane longitudinal (LA), listed in order of increasing &y The remaining three
branches correspond to optical modes: one out-of plade (ZzO), and two in-plane
modes (TO) and (LO). While the TA and LA modes disgley normal linear dispersion
around the -point, the ZA mode shows & gnergy dispersion as a consequence of the
Dsh point-group symmetry of graphene [38]. Another consequehtdeecsymmetry are
the linear crossings of the ZA/ZO and the LA/LO modethe K-point.

Near the zone center point), the in-plane TO and LO optic modes corresgond
the vibrations of the sublattice A against the sublaiicand these modes are degenerate
at the point. The degenerate zone-center LO and TO phonaesnoelong to the two-
dimensional k& representation and, therefore, they are Raman aoes [39-40]. The
phonon modes around the K point are especially impodate the D-band and G'-band
are related to phonon modes in the vicinity of the K poliite LO and LA phonon
branches meet each other at the K point giving risedoubly degenerate phonon [38,

41-42].
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Figure 2.4. Phonon dispersion of graphene showing LO, TO, ZO, LA, and ZA

phonon branches along the high symmetry directionrand K in the BZ. Picture taken

from [43].

The most prominent features in the Raman spectra nblager graphene are the
so-called G band appearing at 1582 camd the G' band at 2700 ¢nusing laser
excitation at 2.41 eV[38]. The G-peak (~ 1585nis due to first-order Raman
scattering by the doubly degenerate zone center opticelophmode, and the G'-peak
(2680-2700 cm) is associated with second-order scattering by zonedsry
phonons.[38, 44-46] In defective graphite, the D-peak (1345-1359 ismtlue to first-
order scattering by zone-boundary phonons. Since thea®&'ggoroximately occurs in a
frequency that is twice that of the D pefk,}{ -, sometimes it is referred as the 2D
peak. There are two less important peaks calledt@450 crit and D+G at ~ 2940cth
as shown in Figure 2.5. The D and 2D peak positions vatyahi@inges in the energy of
the incident laser. This is due to so-called double rem@néDR) Raman process that
results in a dispersive behavior in the frequencies anh@d2D peaks.

The double-resonance (DR) process shown in the cerdetigdnt side of Figure
2.6 begins with an electron of wave-vectoaround K absorbing a photon of energy
Easer The electron is inelastically scattered by a phornoa defect of wavevectay and
energy Bhononto @ point belonging to a circle around the K' pointhwavevectok+q,

where the K' point is relatedto K by time reversal syetry [36]. The electron is then
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scattered back tolastate, and emits a photon by recombining with a hodekattate. In
the case of the D band, the two scattering processesst of one elastic scattering event
due to the defects of the crystal and one inelastidesocag event due to emitting or

absorbing a phonon, as shown in Figure 2.6.

G'or 2D
:’E.
1771
=
s
=
D+ G
1200 1600 2000 2400 2800 3200

Raman shift cm!
Figure 2.5.Raman spectra of graphene, showing the main Ramandsgatbe D, G, G'

(2D).

Figure 2 6. (Left) First- order G-band process and (Center) onemhrsrecond -order DR
process for the D-band (intervalley process) (top) andtlie DO-band (intravalley
process) (bottom) and (Right) two-phonon second-ordesneexe Raman spectral
processes (top) for the doubleresonance GO process,@tah{pfor the triple resonance

GO band process (TR) for monolayer graphene. Picture fekar{38].
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2.4. Review of graphene synthesis

2.4.1. Mechanical Exfoliation

Graphene has been synthesized on metal surfaces uliderhigh vacuum
conditions for many years and has been investigatedgéni@es of studies to yield insight
into its formation [47-52]. More recently, single flakeEgraphene have been isolated
and transferred from highly oriented pyrolytic graphite 4% to other substrates using
micromechanical exfoliation. Through repeated peeling of @dphite crystals, British
researchers, Andre Geim and Konstantin Novoselov,reuataelatively large graphene
crystals [1-2, 53]. The interlayer spacing in graphite is R3%t is reported that the
exfoliation energy for pyrolytic graphite is 61 meV/@mait [54]. It has been estimated
that a 1-nm square of graphene contains about 38 carbosa atwhthe separation energy
of two 1 nm squares of graphene is over 2 eV. A top-dapproach using a
micromechanical cleavage technique is applied to overcbimeznergy. Peeling small
masses of HOPG makes a fresh surface of layered lcwisieh, when rubbed against
another surface, leaves a variety of flakes attacteedit. Within this process,
unexpectedly, a single layer was found using an adhesiveapgmtied to the graphite as

shown in Figure 2.7.

Figure 2.7. Single flakes of graphene have been isolated andferaed from highly
oriented pyrolytic graphite (HOPG) to other substratesngusmicromechanical

exfoliation.
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Graphene mechanical exfoliation has sparked significzsgarch interest due to
the distinctive electronic structure and physical propexieserved [1-2, 53]. However,
this method of obtaining graphene leads to a random depositemall graphene flakes
with both low surface coverage and low reproducibilityariyl applications require the
synthesis of large area graphene films on insulating stésstr@nd this has motivated the

search for other techniques.

2.4.2. Epitaxial Growth

2.4.2.1. Epitaxial growth on silicon carbide

Considerable efforts to synthesize large-area high gugdaphene films have
been made in recent years. Epitaxial growth fromlsingystal SiC has been the target of
intense research due to the high quality of the graphieme that form on SiC substrates
for electronics applications. A SiC substrate can be rediacgraphene through heating
at high temperatures, usually more than 1108 s . This system is composed of
several graphene layers, of which the first layeeléctron doped, due to the built-in
electric field at the SiC-graphene interface, andatier layers are essentially undoped
[22-23, 55-56]. Epitaxial graphene shows quasi-ballistic tramsged long coherence
lengths. In contrast to exfoliated graphene, the quantulineffact is not observed in
high mobility epitaxial graphene. It appears that theatfis suppressed due to the
absence of localized states in the bulk of the matei&2]. Epitaxial graphene can be
patterned using standard lithography methods and characterimgedausvide array of
techniques [22-23]. These favorable features indicate thegrconnected room
temperature ballistic devices may be feasible for logsigation high-speed nano-
electronics. Ultrathin epitaxial graphene is synthesize the silicon-terminated face of

single-crystal 6H-SIC by thermal desorption of Si asnghin Figure 2.8.
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Figure 2.8. The confinement controlled sublimation (CCS) method. $C wafer in

UHV: Sublimed silicon is not confined, causing rapid, rpnkbrium graphene growth.
(B) The CCS method: sublimed Si gas is confined in a graphitsure so that growth
occurs in near thermodynamic equilibrium. Growth rateantrolled by the enclosure
aperture (leak), and the background gaspressure. (C) Photoditaphr@uction furnace.
(D) Under CCS conditions few layer graphite (FLG, fribrto 10 layers) grows on the Si
terminated face, and multilayer epitaxial graphene (Mi@n 1 to 100 layers) grows on

the C terminated face. Picture taken from [57].

First, SIC substrate was treated by oxidation gretd¢hing. Then, samples were
heated up to 1000 by electron bombardment in ultrahigh vacuum to rembeeokide.
Finally the sample was heated up to 125@ 1450 for 1-20 minutes [22]. Monolayer
and bilayer graphene on the Si-terminated face, and aydtilgraphene on the carbon
face, have been synthesized [57-58]. Electron mobilittherorder of 15000 cifV/s has

been obtained in FETs using epitaxial graphene grown on SiStrates [23].
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Researchers at IBM have made a transistor with @f€dtequency of 100 GHz using

epitaxial graphene [59].

gate

dielectric

source

drain \_» _

[

graphene

Figure 2.9.Image of devices fabricated on a 2-inch graphene wafes@mematic cross-

sectional view of a top-gated graphene FET. Picture tlken[59].

It is believed that the device can be further miniatdrizad optimized so that it could
soon outperform conventional devices made from silicagure 2.9 shows an image of
devices fabricated on a 2-inch graphene wafer and a sabesr@ds-sectional view of a
top-gated graphene FET. The transistor could find applicaiion microwave
communications and imaging systems. However, this mathéichited in terms of the
production of large area graphene films due to the expmm$ehe limited size of SiC

substrates. In addition, this method is not amenableetpitoduction of graphene for use
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on other substrates, since it is challenging to detagthgree from the SiC [23, 55, 58].
Furthermore, the bonding between the bottom grapheneahendubstrate affects the

properties of carbon layers.

2.4.2.2. Epitaxial growth on metals

Sutter et al. [55] developed a method based on the epiteeaghnique to
overcome the shortcoming of epitaxial method on SiCclwhproduces arrays of
macroscopic single-crystalline graphene on ruthenium (00d@1)his way, while the
bottom graphene layer interacts strongly with thefasay, the layer up is strongly
detached and only a weak electronic coupling exists thers.allbivs graphene to have
free-standing behavior. In this method, carbon atomslaerlbed within the ruthenium
by heating the entire sample up to 1150Then, the sample is cooled down to 850
causing some of the absorbed carbon atoms to rise sprfiace. Islands of about 100
micrometers formed dotting the entire surface. Findlgse islands grow to cover the
entire surface and the second layer forms afterhiregc80 percent coverage. Later
iridium is used as another substrate to form grapheneoudth the graphene grown on
iridium was uniform in thickness and can be made to baliordered, it is slightly
rippled which may result in the generation of minigaps @ electronic band-structure.

Figure 2.10 shows the morphology of epitaxial graphene of@&aL).

2.4.3. Reduction methods

To address the shortcomings with epitaxial and exfoliatimthods, several
techniques have been developed to deposit graphene filmsaosatioety of substrates,
including the chemical reduction of solution deposited graphigea)sO) films [25, 60-

63] and liquid phase exfoliation and solution deposition apgtte [24, 26, 56].
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Figure 2.10.Morphology of epitaxial graphene on Ru(0001). (Left) UHWNSIEnage of
a large area of the Ru(0001) surface after first-layer greppgeowth. (Right) UHV-SEM

image of a group of second-layer graphene islands. Pickee filom [55].

2.4.3.1. Reduced graphene oxide (RGO)

Stankovich et al. [64] focused more on characteristicsaalitional hydrazine-
reduced graphene oxide (GO). After oxidizing using the Hunsnmethod in sulfuric
acid/potassium permanganate solution and reducing with hydrathieeresearchers
characterized the before-and-after transformatioh ®EM to show crumpled up sheets
of the reduced GO [64]. Figure 2.11 shows secondary elegtasa spectroscopy (SEM)

images of reduced GO sheets.

2.4.3.2. Hydrazine reduction

Yang et al. [65] proposed a method for mass productiographene. They
developed a method of placing graphite oxide paper in a solofiqoure hydrazine,
composed of nitrogen and hydrogen, which reduces the graphite paper into single

layer graphene. The coverage of graphene can be dedtlyl altering the composition
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of the hydrazine solution. Tung et al. [61] reported a véessilution-based process for
large scale production of single layer chemically comgegraphene over the entire area
of a Si/SiQ wafer. They removed oxygen functionalities and restthedplanar single
sheets by dispersing graphite oxide paper on pure hydrazine. Fig@rehdws graphite
oxide (GO) paper in a glass vial and the resultant hydramigraphene (HG) dispersion

after addition of hydrazine.

Figure 2.11. (Left) SEM image of aggregated reduced GO sheets. (Righg)atelet

having an upper bound thickness at a fold of ~2 nm. Picture fakar{64].

2.4.3.3. Sodium reduction of ethanol

Choucair et al. [66] reported the direct chemical symshefscarbon nanosheets in
gram-scale quantities in a bottom-up approach. They utiieeddim metal for reduction
of ethanol and then pyrolized it. Sodium salts wensoneed through washing with water.
The ability to produce bulk graphene samples from non-giappiecursors with a
scalable, low-cost approach should take us a step closerat-world applications of

graphene. An example of the bulk quantity of graphene prasisbbwn in Figure 2.13.
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Figure 2.12.Photographs of 15 mg of graphite oxide (GO) paper in a glasgyiand
the resultant hydrazinium graphene (HG) dispersion affdition of hydrazine. Picture

taken from [61].

Figure 2.13. Example of the bulk quantity of graphene product. The intagesists of

approximately 2 g of sample. Picture taken from [66].

2.4.4. Chemical vapor deposition (CVD): synthesis and transfer

2.4.4.1. Introduction

CVD is one of the easiest methods for the fabricatib large area graphene

sheets [28, 30, 39]. The key feature of such fabrication isoheility of carbon in
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transitional metals such as Ni, Co, Pt, Ir, Ru, andaCthe typical synthesis temperature
for graphene (~900 - 1000°C) [28, 30]. Rapid advances in CVD grapgmeNe and Cu
polycrystalline films have been achieved recently, whitdve stimulated various
applications owing to scalability and transferabilityy & typical CVD method, a
hydrocarbon gas such as methane, [29] acetylene, [67ihgleee [68] was passed
through the catalyst surface under high temperature, gatl@mucleation and growth of
graphene. Under these conditions, hydrocarbon decompondgs@vides carbon atoms
that diffuse rapidly into the nickel at the growth tenapere, and later precipitate to the
surface to form a graphene layer during the cool downepbithe CVD growth cycle. A
mixture of various layers has been grown, which can bebasl to the nonequilibrium

precipitation of carbon from a Ni substrate, especatligrain boundaries [30].

2.4.4.2. CVD on Ni

Yu et al. [39] reported an approach to synthesize hightguakphene through a
segregation process followed by transfer to an insuatiostrate. The idea was pioneered
by Hayes et al. [69] in the 1930s, where they studied gragégpegation at the surfaces
and grain boundaries of metals. They conducted segregatioigh temperatures in an
equilibrium process. However, during the cool down stagenumber of carbon layers
cannot be preserved at ambient temperature. Thereforgrolling the synthesis
parameters, especially the cooling rate, is criticgdrtluce thin film graphenes. Figure
2.14 demonstrates the steps for synthesis of graphene substrates reported in [39].
As the first step Ni foils with thickness of 0.5 mm gndity of > 99 %, from Alfa Aesar,
were cut into 5 x 5 mfrpieces and were then mechanically polished. The sameles
placed in a chamber with protection gas flows & 100 sccm, for an hour at high
temperature. In the second step of carbon dissolutiesumor gases GHH,:Ar = 0.15:

1: 2 with a total gas flow rate of 315 sccm were introdudeah@ient pressure. Under
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these conditions, hydrogen molecules decompose at tlsiridice and carbon atoms
diffuse into the metal.

hydrocarbon metal

gas
R 4 *
o Po 2 *
< e ee o
L carbon <
o P o dissolving Py
»- — -
» e *
s 3 o @ .
e *
surface  body
extremely fast cooling Fast/medium cooling  slow cooling
L J
°e 4 ::. . e @
. :..
* 0 L ] *
4 bt .
. * L
o I
-.o - ::
P4 .
... . o “ * .
... ¢ 5. ¢ -

Figure 2.14.lllustration of carbon segregation at metal surfacgufe taken from [39].

The carbon concentration decreases exponentially staface to bulk material.
This step takes usually 20 minutes at 1000n the last step, carbon segregation, the
sample was cooled down mechanically, pushing the samplerhiml a low temperature
area in the presence of an Ar atmosphere. The cooliagvas found to be important in
the characteristics of graphene formed on Ni substraieing Raman spectroscopy this
difference in carbon characteristics was made clemgure 2.15 shows the Raman

spectra of segregated carbon on a Ni surface with elifferooling rates.
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Figure 2.15. Raman spectra of segregated carbon at Ni surface vifignetit cooling

rates. Picture taken from [39].

Another challenge for graphene synthesis using CVbdsability to transfer it
from the growth substrate to other substrates of tedhimgaortance. Yu et al. [39]
employed a wet etching technique to transfer the grownt@ilan insulating substrate by
detaching the graphene films from the Ni in HN€®lution. The process was performed
using copper grids and was followed by rinsing with deionizedrwAtether technique
for transferring graphene films is to use silicon rubBdter growth of graphene on Ni
layer, a thin layer of silicon rubber was applied om shrface, which was then covered
by a glass substrate to form a four layer sandwialctre (Ni/Graphen/silicone/glass).
After curing overnight, the metal substrate was etcaedy with a diluted HNQ
solution. Cao et al. [70] utilized the same procedure nthegize graphene and transfer it

to insulators for electronic applications. They reportadier mobility reaching 2000
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cnf/Vs and phase coherence length over 0.2 pum. This opened appligation
possibilities for carbon-based electronics. Films as &lsi ~2 layers and as thick as tens
of layers of graphene in the sample were reported.tfmsfer process was conducted
without any auxiliary or supportive material. A photographaofe-scale graphene films
transferred to an insulating substrate is shown in Figuté. ZZhanging the growth
parameters to investigate its influence on the charstits of CVD-grown graphene
indicated that medium cooling rates have a high queditgtal structure. Higher intensity
in the Raman 2-D vs. G peak occurs in graphene having a fesvtflan four) layers.
Higher cooling rates result in more layers with defeand more graphene (less than four
layers) can be synthesized on smoother Ni substrates.

Reina et al. [30] presented a low cost technique via ampressure chemical
vapor deposition (CVD) on Ni substrate. Thin films werdeam evaporated onto
SiO./Si substrates and thermally annealed up to 900-10@0the presence of H500
sccm) and Ar (600 sccm) gases for 10-20 minutes. During thisgerdbegrains with flat
surfaces and sizes of 1-20 um formed. During the CVD growasistant temperature was
maintained; CH and H were maintained, with the flow rate of 5-25 sccm and 1500
sccm, respectively, for 5 to 10 minutes. Finally, theespstooled down. The transfer of
graphene films onto a substrate was enabled by the aratgtprocess. The film was
exposed to an aqueous HCI solution after applying a suppariaterial, for example
PMMA, on the synthesized graphene. After etching the Insstay, PMMA/graphene
floated over the solution. Finally, PMMA/graphene tfan®d to desired substrate and
PMMA was dissolved with acetone to leave grapheneditnthe substrate. The size and

the shape of the transferred graphene film depended i Haanple size.
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Figure 2.16.Photograph of a 4 in by 4 in CVD graphene film (a) coated RMMA and
floating on liquid after etching off the Cu substrate dndiansferred on a Si wafer, with
PMMA removed (arrow marks the edge of graphene and thick bleek dn the wafer
are room ceiling reflections). (c) Representative Rasaactra (c, offset for clarity)
measured (with a 532nm laser) in a CVD graphene filnsteared to Si@Si. The 2D
band can all be fitted by a single Lorentzian, withteer2680 cm and FWHM ~34 cm
1 (d) Raman map ofd/lc over a 200 pm x200 pm area, most (99%) of which can be

associated with monolayergllc>2). Picture taken from [70].

Kim et al. [28] reported the direct synthesis of largalesgraphene films using
chemical vapor deposition on thin nickel layers. Theygmes two different methods of
patterning the films and transferring them to arbitrary satess. The growth recipe is the
same as presented in the literature with some minongelsa The substrate was

Ni/SiO./Si with Ni having less than 300 nm thickness. The growts eznducted in an
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Ar atmosphere at 1000 inside a quartz tube chamber. The precursor gases were H
CH,, and Ar with 65, 50, and 200 sccm, respectively. The groagted for 7 minutes.
After growth, the system was cooled down rapidly byiigg Ar at ambient pressure to
maintain a cooling rate 10 /s for better graphene formation. Graphene transfer wa
conducted in two different methods. In a much easiehmaeta solution of HF and
buffered oxide etchant (BOE) was applied to graphene/®/Si for a short period of
time; this resulted in separating graphene/Ni from theubstrate; then, in the second
stage the graphene/Ni was again exposed to the same rsodatising the graphene film
to float on the solution. This process can be perforimed long period of time to detach
Ni/SIO./Si at once from graphene film. Then, the floatingpdrene film can be
transferred by direct contact with substrates.

In the second method, a layer of PDMS as a supportaterial was deposited on
graphene/Ni/Si@ISi. Then, the five layer sandwich structured was exptsed Fe(d
solution (1 M) to etch the Ni. The remaining PDMS/graghemas stamped on a

substrate. Figure 2.17 illustrates the growth and transéeeps on Ni/SigJSi substrate.

2.4.4.3. CVD on Cu

Cu is a favorable substrate for synthesis of unifgraphene. A large area of
monolayer graphene, with less than 5% of that having bti-tayers, has been produced
by CVD process on Cu substrate [29]. Graphene was contiragrass copper surface
steps and grain boundaries. It has been reported thagitawéh of the second layer would
stop once the catalytic Cu surface was fully coveredngylayer graphene; this would be
an instance of the so-called self-limiting effect [29,. HJwever, the self-limiting effect
has not been repeated and is yet not confirmed in thetdic community. Different Cu
thicknesses were tried and better results were obtaisiag a 25 pm thick Cu foil. The

samples were placed in a 22 mm ID fused silica tube ¢héate split tube furnace.
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Figure 2.17. Synthesis, etching, and transfer process for largee sgadl patterned

graphene films. Picture taken from [28].

Unlike other CVD recipes, growth was conducted under vacoressure in this
method. First, the system was evacuated and back filldd hdrogen. Then it was
heated up to 1000 maintaining a E(g) pressure of 40 mTorr under a 2 sccm flow rate.
During growth, after stabilizing the temperature at theestemperature, Cif) with the
flow rate of 35 sccm was introduced for a desired periaitha at total pressure of 500
mTorr. Finally, the furnace was cooled down to room teatpee. This recipe is depicted
in Figure 2.18.

Graphene films were removed through two methods. Ifirdtanethod, graphene
was placed in a Fe(Nf3 solution, with 0.05 g/ml iron nitrate, overnight, whiclusad
Cu to be dissolved. In the second method, a layer of ®ds applied on graphene as
an auxiliary layer to form a three layer sandwiclucire: PDMS/graphene/Cu. Then,
the sample was placed in Fe(jy9solution to remove Cu. PDMS was lifted from the

graphene using methods similar to those described inténatlire. The graphene films
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were easily transferred using the second method witkrféales or cracks. Figure 2.19
shows an SEM image of graphene films grown on Cu and #phegne films transferred

onto Si/SiQ and glass substrates.

Time (min)
Figure 2.18. Time dependence of experimental parameters: temperagna@ssure, and

gas composition/flow rate. Picture taken from [29].

The CVD method allows large-scale production of high quglaphene films on
flexible copper substrates that can be used in the foroildgfype substrates fitting inside
a tubular furnace to maximize the scale and homogeogttye produced films. Bae and
colleagues [11] reported a cost- and time-effective methgaoduce 30 inch graphene
films for transparent electrode applications. They @ilia multiple roll-to-roll transfer
and wet chemical doping to enhance the electrical ptiepeof the graphene films.
Figure 2.20 shows the three step transfer of graphene frenfbiConto a flexible
transparent substrate. First, graphene was attached tm @dlymer coated with an

thermal adhesive layer through passing between two rolldrsn, Cu was etched in
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agueous 0.1 M ammonium persulphate solution 4jp&#Ogs. Finally, graphene was
transferred to target substrate through removing adhesige by heating. Figure 2.21
presents photographs of the roll-based synthesis ansifédrgorocess. An 8-inch-wide
tubular quartz reactor was used in the CVD system, altpa monolayer graphene film
to be synthesized on a roll of copper foil with dimensi@as large as 30 inches in the

diagonal direction.

Figure 2.19.SEM image of graphene on a copper foil with a growttetof 30 min. (B)
High-resolution SEM image showing a Cu grain boundary ambstwo- and three-layer
graphene flakes, and graphene wrinkles. (C and D) Grafhersetransferred onto a

SiO,/Si substrate and a glass plate, respectively. Pitakesn from [29].
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Figure 2.20.Schematic of the roll-based production of graphene fgrosvn on a copper

foil and its transfer to flexible substrate. Pictudeetafrom [11].

The saturated solubilities of carbon species at higipéeature in Cu and Ni are
significantly different, with Cu having small solubilityitw a maximum of ~ 0.04%,
while Ni has a moderate solubility of carbon close 2, which may lead to their

distinct CVD performances for graphene growth [72].

Figure 2.21.(Left) Photographs of the roll-based production of graphms. Copper
foil wrapping around a 7.5-inch quartz tube to be insertedant8-inch quartz reactor.
The lower image shows the stage in which the copperdadts with Ck and H gases
at high temperatures. (Right) A transparent ultralarge-graphene film transferred on a

35-inch PET sheet. Picture taken from [11].

Overall, the quality of graphene synthesized using CVibweer than that of

graphene grown on SiC through the epitaxial method. Fongea the highest mobility
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measured in CVD graphene transferred on,S&bstrate without surface treatment is
3000-4000 criVs [27], which is an order of magnitude less than thaained with the
epitaxial method. However, recent reports indicagepbssibility of improvement in the

properties of CVD graphene through synthesis of large-graiphene [73].

2.4.4.4. CVD using solid carbon source

In addition, carbon atoms can also be supplied by thengeasition of a carbon
containing material, [74] single crystal diamond, [7%},{76] or HOPG, [77] in contact
with the transitional metal catalyst film. Graphesyathesis using a solid carbon source,
such as a polymer film or small molecules deposited anetal catalyst substrate,
provides flexibility in the control of layers that areoguced [78-80]. In addition, the
CVD method is limited to flammable gases, which are diftito handle and apply the
technology to the variety of potential feedstocks [78]e key feature in this method is
decomposition of polymers upon heating, which provides a naborce to the catalyst
through diffusion process. This method has the lowest guadimpared to CVD and
epitaxial methods; however, it is a simple, inexpensargl safe process. In addition,
polymers can be easily deposited on any substrate and cpatteened using simple

lithography.

Figure 2.22.Monolayer graphene is derived from solid PMMA films on<bibstrates by
heating in an HAr atmosphere at 800 or higher (up to 1,000 ). Picture taken from
[78].
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Sun et al. [78] reported the growth of monolayer grapiieme solid poly(methyl
methacrylate) (PMMA) film 100nm thick that was spin-cabten Cu as metal catalyst
substrate. Graphene synthesis was performed unglér How rate and low pressure
atmosphere at a temperature range of 8a0 1000 V V5U€e ,» Figure 6

In a similar study Perdigao et al. [76] reported fororabf graphene through the
thermally induced decomposition o§ddn combination with a Ni thin film as depicted in
Figure 2.23. For buried films the graphene thickness is showepend on the fullerene
dosage, with evidence of domain growth from nucleation sitggmrated by tens of

micrometers.

Figure 2.23. Schematic shows formation of graphene from C60 andatsfer to SiQ

substrate. Picture taken from [76].

Recently, the synthesis of graphene films on digtsc has been demonstrated
through the surface catalytic decomposition of hydrocafr@cursors on thin copper
films in which the copper evaporated away during synthesis. [Bibwever, this
technique has been used primarily with hydrocarbon gasesa®on source over small
samples. The extension of this approach to include salidon sources, which provide
greater flexibility in graphene synthesis, has yet tadésonstrated. Trace amounts of
carbon dissolved in metals can be another source fphgna synthesis. In a controlled

environment graphene films can be formed directly onedigt substrates through a
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segregation process. This method allows synthesis ofpadtgraphene for a variety of

applications.

2.5. Review of graphene unintentional doping

The large surface-to-volume ratio makes graphene ealyesensitive to the
environment. The adsorption of chemical groups on the curéd graphene has the
ability to inject or withdraw electrons, creating n-tygrep-type doping. These molecules,
which are adsorbed on the surface, must be controlled im trdeeate material with a
specific type of doping. Most importantly, the naturehef adsorption (e.g., chemisorbed
or physisorbed) will impact the stability of graphene dopiRgevious research has
shown that the doping level in graphene can be modifiedugih adsorption or
desorption of gas/vapor molecules (e.g.,,,OH CO, NH, etc) [82].
Attachment/detachment of molecules changes the looaéicaoncentration in graphene

that leads to step-like changes in the resistance. FQjRdeshows the response of zero-
field resistivity, f -, to NQ, NHz, HO and CO in concentrations, C, of 1 part per

million (p.p.m.). Hall measurements on graphene reveladHO molecules acted as
acceptors, whereas CO molecules acted as donors.

In addition, contamination and adsorbed molecules flmemambient air plays a
significant role in imperfections and large variance hia tobility of graphene-based
field effect transistors [83]. To achieve desired funwlities, a deeper understanding of
graphene surface chemistry is required. Moreover, diedrtuning of the Fermi level in
graphene would be highly desirable in view of the use of grmghin realistic
microelectronics. The functional groups can also beodhiced in the process of
fabricating graphene-based devices due to exposure to eierarcany heat treatment
process. Therefore, understanding their effects on thpeepres of graphene will help

researchers to reconsider the device fabrication pgoces
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Figure 2.24.Changes in resistivity by graphene exposure to differesgsg#icture taken

from [82].

As explained earlier, high quality CVD graphene enaltlepteparation of large
area films from which transparent electrodes, tramsstnd other electronic devices can
be developed [28-29, 39]. However, the synthesis of CVDhgnag often involves the
removal of the graphene from its metal growth substrfatlowed by transfer to a target
substrate for device fabrication. This process involvgmgkrg the grapehene to both
agueous and atmospheric gas environments [71], resulting attdedyment of a host of
chemical groups to the graphene. These groups can dope thergraqid alter its

electronic properties. This process is called uninteatidoping, as it is a byproduct of
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the transfer process and exposure to the environmenthandoping level is neither
controlled or is it the main focus of the process.

Oxygen molecules exhibit a variety of chemical reastiomith aromatic
molecules [84-85] and carbon nanotubes [86]. The adsorbed osygevell-known hole
dopant for carbon nanotubes [87]. In a recent experimgmtaPped between graphene
and a SiQ@ substrate induced hole-doping [88]. This doping effect eaanfnanced in the
presence of moisture. A common method for desorption ahicla¢ groups, oxygen, and
moisture from graphene through heat treatment. To tidsthermal annealing has been
investigated extensively to eliminate contamination arer éte electronic properties of
graphene [89-90]. Cheng et al. reported that annealing at higpetature brings
graphene in close contact with the Si€ubstrate it was deposited on and induces
increased coupling between them [91]. Figure 2.25 shows themathef resist removal

from a graphene surface using vacuum annealing.

Figure 2.25.Thermal annealing removes resist residue on graphene suafaetdrings it
into close contact with Si) inducing increased coupling between them. Picture taken

from [91].

Thermal annealing has activated the ability of diatooiggen to accept charges
from graphene. However, this method induced a pronouncedwstludistortion due to
the close coupling of graphene to the SiSubstrate [88]. Tailoring the electronic

properties of graphene was performed through controlled treatment without
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degrading its structural properties. The basic cause sé ttiganges is uncertain, and a
systematic study to understand the mechanisms behind énactibn between graphene
and the chemical groups bounded to its surface is stilingcknd highly desired.
Furthermore, the variation in mobility and charge earconcentration in CVD-graphene
depends on the donor or acceptor nature of the chemibarefore, a controlled
environment for graphene provides the opportunity to furtheortdhe electronic

structure by altering the concentration of different dégaan

2.6. Review of Intentional Graphene Doping and Interface Moditation

2.6.1. Graphene p-doping for transparent conductive electraglapplications

The extremely high mobility of graphene suggests gretnpial to be exploited
for applications in next-generation microelectroniconttol of the carrier density
towards n- and p-type conductive channels is of importantabricating logic devices.
The conventional ion implantation technique in silicoadshFETs induces damage in the
structure of graphene. In addition, graphene’s zero bandgispsr difficulties for
controlling electrical conductivity as compared to camional semiconductors [2].
Substituting carbon atoms with foreign molecules shbtiat it is possible to open the
bandgap and modulate the carrier types and concentratiovake p- and n-type FETs
[92-95]. In general, doping adjusts the work function ofgregphene, which is necessary
to control charge injection and collection in devices saglolar cells and light emitting
devices. Shi et al. [96] demonstrated that the work funafographene synthesized by
CVD method can be tuned up to 0.5 eV by immersing the fibasAuCk solution. The
photovoltaic device based on graphene as an electrode shdQveadnes greater
maximum power conversion efficiency (PCE) due to chahdoping of graphene film.
A schematic of the graphene transfer, chemical dopind,device fabrication process is

depicted in Figure 2.26.
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Figure 2.26. Schematic of graphene transfer, chemical doping, anceléabrication

process. Picture taken from [96].

In addition, chemical doping can further increasectheductivity of graphene for
transparent conductive electrode applications [11, 97-98]. Gatnak [97] proposed a
new method of layer-by-layer doping of graphene fiims)@ishuCk, as depicted in
Figure 2.27. Using this method, the sheet resistance dflthelecreased up to ~80%
with little sacrifice in transmittance. This methodalresulted in better environmental
stability for the film due to presence of dominant Aunagdetween layers of graphene.

The best transparent conductive electrode was obtain&ahdet al. [11] where
they used HN®(70%) to dope CVD graphene films. However, this dopingoisstable
upon exposure to air, and the performance of the electwddddegrade over the time.
Furthermore, graphene can be readily p-doped through adsoftem air like oxygen
and moisture [88-90, 99].
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Figure 2.27. The schematic of the layer-by-layer doping CVD grapheite AuCl.

Picture taken from [97].

2.6.2. Graphene n-doping for field effect transistor (FET)applications

For n-doping, nitrogen is considered to be an excellemezit for the chemical
doping of carbon materials because it is of comparailmia size and contains five
valence electrons available to form strong valenced®omith carbon atoms. Dai and
coworkers [95] functionalized graphene nanoribbons (GNRsiitbygen species through
high-power electrical joule heating in ammonia gas. Thendbion of carbon-nitrogen
bonds confirmed the n-type electronic doping consistetit thieory. An n-type field
effect transistor (FET) device that operates at roonpéeature was fabricated using this

method as shown in Figure 2.28.
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Figure 2.28. FET device e-annealed under high current in; Mtinosphere indicates

reaction of GNRs with ammonia. Picture taken from [100].

N-doped graphene has been created through chemical vapoitidep@VvD)
using ammonia [92] and Pyride [101] as nitrogen-doping soutnea. typical CVD
growth, NH; (gas) was introduced into the flow as a nitrogen solM@eogen atoms
substantially doped into the graphene lattice when recontdonatf carbon atoms
occurred in the CVD process. X-ray photoelectron spemims (XPS) was utilized to
indicate the presence of nitrogen atoms in the graphéneeland to establish their
bonding state. As shown in Figure 2.29, appearance of arpé#ksin the core level
spectra confirms the presence of nitrogen embedded igrémhene lattice. However,
this method of n-doping graphene resulted in formatiodedécts in the lattice, as a
significant D peak was observed in the measured Ramarnragpastshown in Figure
2.30. Ammonia plasma [102] and N+ lon irradiation followedaloyealing in ammonia
and nitrogen environments [94] have been used to modulate thegdmmicentration in

graphene flakes.
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Figure 2.29. (Left) XPS N 1s spectrum of the n-doped graphene. (Rigtiter8atic
representation of the n-doped graphene. The blue, red, gaednyellow spheres
represent the C, “graphitic” N, “pyridinic” N, and “pylic’ N atoms in the n-doped

graphene, respectively. Picture taken from [92].

Furthermore, a segregation phenomenon was utilizedriadhartrace amounts of
carbon and nitrogen dissolved in bulk materials to ®gide nitrogen doped graphene
[103]. However, these processes were performed at bBigpdratures to "drive-in" the
dopants. Moreover, doping through chemical treatments isaklas as physically
adsorbed molecules will be desorbed under heat or vaasidescribed in the previous
section [104-105]. Therefore, a low-temperature, defeet-taead controllable method of

doping of graphene is greatly needed.

Figure 2.30. Raman spectra of graphene shows presence of deietcirePtaken from

[92].
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2.6.3. Graphene interface modification

The ease of fabrication and optical contrast has rBi0ga potential dielectric
substrate for graphene-based FET devices. However, therparnioe of these devices is
limited through charge transfer, adsorbates, and eleptionon scattering. A variety of
scattering and trapping effects from the substrateffant the carrier type and density in
graphene. Therefore, further investigation of a graphenedtlie interface that ensures
stable electrical performance of graphene devices is n¢&@6dL08]. In a recent study,
a hexagonal boron nitride substrate has been useddiorghiality graphene electronics
where mobilities as high as 37 000 %ws were observed which are an order of
magnitude higher than those of devices based on RiI®]. This suggests that the
interface between the graphene layer and the substrate pismary factor in the
performance of devices made from graphene. Thus, intenfackfication through the
use of self assembled monolayers (SAMs) may be a jitemthod to overcome these
performance limits on a wider array of substrates aag nesult in p- and n- type
graphene. SAMs have been extensively used to enhamaeatbility of organic thin film
transistors and to eliminate the Schottky barrier atrtie@al semiconductor interface
[110-113]. It is believed that the ordering of SAMs molesulith molecular dipoles
produces a built-in electric field on the thin film tramer device, which is superimposed
on the externally applied gate field. SAMs with fluoriaed amine groups have been
shown to accumulate holes and electrons, respectivelie transistor channel: These
properties are understood in terms of the effects eftet dipoles of the SAMs
molecules, and weak charge transfer between organis find SAMs [110-113]. A
buffer layer has been provided between graphene andt8it@duce charged impurity
scattering and environmentally adsorbed doping effects [114 Was done by
controlling the work function of graphene electrodethaorganic field effect transistors
(OFETSs) through functionalizing the surface of the ;S€bstrate with SAMs. NH

terminated SAMs induce n-doping while gtérminated SAMs neutralize the p-doping
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affect of SiQ substrate. Patternability of SAMs provides more fleitipih utilizing this
idea. Figure 2.31 shows the schematic of patterned SAMBeo8iQ substrate where a

silane group is key in binding SAMs to the substrate.

Figure 2.31. Schematic transfer process of monolayer graphene termed self-
assembled monolayer (SAM)-modified Si€ubstrate. (b) Molecular structure of amine
(NH)- functionalized SAMs on SiSi substrate. (c) Optical microscope image of

patterned NH SAMs on SiQ/Si substrate. Picture taken from [114].

Liu et al. showed that phenyl-alkyl-terminated self-agsded monolayers (SAM)
on SiQ improves the CVD graphene FET mobility, hysteresis, laiad stress stability
[115]. The field-effect mobility of graphene transistors phenyl-SAM modified
substrate is ~ 2500 éfv's, which is considerably higher than that of transistatBout
SAM. Charge injection from graphene to the dielectric/gesye interface is the dominant

reason for the observed hysteresis effect in graphasedbFETs. Applying a SAM
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between the graphene and the dielectric modifiesnteeface in such a way that charge
injection from graphene to the SAM interface will bestly suppressed. Figure 2.32
shows the schematic of modified Si@ graphene-based FET using phenyl-alkyl-SAM.
The mechanism of charge injection is illustrated inlkb#om left, through the enhanced

dipole effect induced by SAMs.

Figure 2.32.(Top) A general bottom-gated graphene FET structure phtmyl-SAM
interface engineering. (Bottom) lllustration of the phgsimechanisms for the hysteresis

behavior of graphene FETSs. Picture taken from [115].

These methods illustrate that the chemical reagtofita graphene surface can be
easily tuned by attaching functional groups via SAMs throbhghdrmation of dipoles at
the interface [116-119]. Wang et al. [120] modified the sabstof graphene to adjust its
work function from -130 to 90 mV with respect to the Dirampor his corresponds to a
doped carrier concentration up to 1012%migure 2.33 shows a schematic of graphene
on bare SiQ PMMA, and SAMs and the corresponding change in thekiimnction as

the number of graphene layers changes.
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Figure 2.33 (Left) Schematic illustration of the chemical miomhtion of substrates.
(Right) Work function of graphene on various substrates danction of graphene

thickness. Picture taken from [120].

However, limited research has been done on controllingrge carrier and
concentration towards n and p-type graphene FETs thraugttidnalizing substrates
with SAMs. This needs a systematic study to reveal nfeehanism by which the
electrical properties of graphene FETs are affected. Wtadeling this mechanism
together with the unintentional doping will help us togmse an easy approach for the

fabrication of graphene p-n junctions.

2.7. Review of graphene p-n junctions

P-N junctions are the elementary building blocks ofstmsemiconductor
electronic devices such as diodes, transistors, sels; tght emitting devices (LEDS),
and integrated circuits; they are the active sites avtiex electronic action of the devices
take place. Due to the zero-gap in single-layer grapheo#) carrier type and
concentration can be controlled through an electiostgate, making graphene a
promising material for semiconductor applications [2, 108]. Electrostatic gating
allows the development of graphene-based bipolar devicesewd junction between

hole-rich and electron-rich regions, or a p-n junctan be formed [121-122]. Graphene
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p-n junctions have already displayed new and excitingngmena such as Klein
tunneling [123], where electrons traveling perpendicular tguhetion experience zero
resistance and fractional quantum Hall transport [122]. Juuattions are predicted to
produce lensing effects for coherent electrons, so cdcalleselago lensing, where
diverging electron waves are refocused by the junction [Id$t graphene junctions to
date have been fabricated using multiple electrosties, [122] electrical stress-
induced doping, [125] chemical treatment by gas exposure, [126Fcuiat
modifications on top of the graphene, [127-128] and modificatf the substrate by
changing the local electrostatic potential in the vigioif one of the contacts [34]. Yu et
al. [125] demonstrated doping in graphene through elecsioadsing. This doping was
tunable from n-type to p-type as the electrical strgstenel increases. They showed
formation of p-n junctions on graphene through doping basddoally applied electrical
stressing. Figure 2.34 shows the schematic structure ofaphegme FET device.
Resistance measurement as a function of gate voltagmatesl superposition of two
separate Dirac points that confirm an energy separationeutrality points within the
complementary regions.

Chakraborty et al. [129] showed simultaneous p- and n-dgpeér concentration
in a bilayer graphene by varying the longitudinal bias acties channel and the top-gate
voltage. The gate was applied electrochemically using gallymer electrolyte. Unlike
single layer graphene, the drain-source current doesatotate on varying the drain-
source bias voltage. Figure 2.35 shows the schematic strilngture with both top- and
back- gates. Raman spectra of the bilayer graphene shavestdhristics of a 2D peak, as

four lorentzian curves were fitted to the peak at ~ 2706, cm
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Figure 2.34. (Left) Schematic of graphene FET device. (Right) Rasc# vs. gate
voltage indicate formation of graphene p-n junctionves separate Dirac points were

observed. Picture adapted from [125].

Figure 2.35. Schematic of the experimental set-up showing the top- @ack-gate
arrangement. Raman spectra of graphene showing itactéastic bilayer mode. Picture
adapted from [129].

However, current methods for electrostatic gatirguire a number of fabrication
steps that are complex and not easily scalable. Iniaaldithemical/molecular doping of
graphene can degrade the carrier mobility through the inttioduof defects, and
physisorbed molecules may not be stable and may desorb dunimgpliag or

environmental exposure.
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2.8. RESEARCH OBJECTIVES

It can be concluded from the above literature reviewttieacurrent methods for
graphene synthesis have the shortcoming that the fikesl to be transferred onto an
appropriate substrate for device applications. The trapséeress can introduce defects
into the graphene that result in a negative impacit®relectrical conductivity. The
reduction of these defects is a key issue that musotlisgedsin order to further develop
this technology for scaling to large areas with low shesistance and high carrier
mobilities. Therefore, a simple, inexpensive, tranffee-method for graphene synthesis
is much needed. Such a technique can potentially leachtgeadrea transfer free method
to produce graphene on a wide range of dielectric substrénat mitigates the
aforementioned challenges associated with the trans&vD graphene.

In addition, this transfer process involves attachmdnthemical groups on
graphene that can unintentionally tailor its electropioperties. A comprehensive
thermal annealing study to understand the mechanism behindoghiisg is needed. In
this proposal, we study the effects of vacuum annealing esestposure to air on CVD
graphene grown on copper foils and subsequently transfemtedrsulating substrates.
This study will also elucidate the mechanism for ititaral doping of graphene films. A
number of studies have reported the control of carriesitdetowards n- and p-type
conductive channels. However, current methods are notestall lead to a decrease in
the carrier mobility of graphene, as they introduce defecgraphene structure. Hence, a
low temperature, scalable and defect-free technique of dagiaghene is of great
interest in order to pave the road towards graphenatbasegrated circuits. A facile
approach to p- and n-doped large area CVD graphene will [psed through a thin
layer of different SAMs. Upon heating under an inemnagphere, the adsorbed
molecules and atmospheric dopants will be removed; utidse circumstances the
electron rich SAM allows the carrier concentratitm be controlled by varying the

amount of molecules available in the surface. This lmarobserved though electrical
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measurement data and various characterizations. A graph@ngunction will be
obtained by patterning both modifiers on the same dr&deand will be verified through
the creation of a field effect transistor (FET).

This research aims to fill in the gaps in existing knowlelolgel) Understanding
the doping mechanism of CVD graphene through adsorbed oxygemaisture, 2)
Providing a defect-free, controllable, and stable p- andaping of CVD graphene
through an interface modification, 3) Developing a newha for wafer scale, transfer-

free, and patterned synthesis of graphene on dielsctgtrates.
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CHAPTER 3
SYNTHESIS, TRANSFER, AND CHARACERIZATION OF CVD

GRAPHENE FILMS

3.1. Introduction

Chapter 2 provided a review of graphene films that exhibitedllext electrical,
thermal, and mechanical properties. These properties sugggdtene as a potential
candidate for a number of electronic applications dgample radio frequency (RF)
transistors. Chapter 2 also provided a review on differemtes for synthesis of
graphene, the impact of heat treatment, and unintentimpahg of the graphene films. In
addition, it posited important questions remaining in treplgene research community
regarding: (1) the impact of post-growth thermal annealimy environmental exposure
on the unintentional doping of CVD graphene films, (2 tiew techniques for defect-
free and stable doping of graphene films for transistoriegns, and (3) the new
routes for transfer-free large scale synthesis oplggae film. These questions will be
addressed by the research contribution of this dissertati€€hapters 4 — 6. However,
this chapter will first provide a technical basis upon whigbsgquent chapters can build.
In particular, this chapter will present the methodologgd to synthesize and transfer the
CVD graphene films that will be investigated later. Aldeg baseline characteristics and
properties of graphene films will be evaluated, providingemeral methodology to
evaluate the performance of these films under thewsrheat and chemical treatments
that will be discussed in further details in Chapters 4 —6tid®e3.2 explains how the
large-area uniform graphene films are synthesized onGuifoils and describes some of
their characteristics before their transfer.

As explained earlier, graphene films need to besfeared from their growth

substrate to a targeted substrate for electronic deviceafimhs. Details of the transfer
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process will be explained in section 3.3. Once transfergeaphene films need to be
characterized to ensure the presence of large-scah, dquality films on the target
substrate. Section 3.4 covers various characteristic stpgidormed on graphene and
their experimental methods. In section 3.4.1, Raman rg@secpy will be used as a
powerful technique to identify the number of graphene layerd their quality by
examining graphitic peak positions. The transfer processaipileaves a number of
chemical groups and other contamination on the surfacahef graphene film.
Understanding the extent of these chemical groups, tmpiact on the properties of
graphene, and the methods to remove them is importathtef@pplication of graphene.

Additional treatments during transfer and post-transfr be performed, and
their effectiveness will be explored using X-ray phoecebn spectroscopy, explained in
section 3.4.2. In section 3.4.3, ellipsometery will be ueeddasure the overall thickness
of the graphene film in large scales. It also will pdavthe refractive index of graphene
as another parameter of interest. Imaging of graphéns & essential to understand the
structure of the film and the presence of possible crackisvoids, particularly after
transfer. To this end, atomic force microscopy (AFEBcondary electron microscopy
(SEM), and transmission electron microscopy (TEM) be utilized in section 3.4.3. UV
Vis spectroscopy will be performed in section 3.4.5 as &natlethod for understating
the thickness of the film, as transmittance of glsitayer graphene is known.

The electrical properties of graphene are among the im&rests in this miracle
material. The mobility of graphene will be measured usingaek-gated field effect
transistor device in section 3.4.6. The same device steugtillr be used in the next
chapters for study of unintentional and intentional dopihgraphene in Chapters 4 and
5, respectively. Graphene is a potential materialrBindparent conductive electrodes, as
explained in Chapter 2. To this end the sheet resistantee dilm will be measured
using the four point probe method in section 3.4.7, and irunotipn with transmittance

measurements in section 3.4.5, the figure of merit (F&vl)graphene films will be
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calculated in section 3.4.8. These are essential steps ithésis and will be referred to

many times in the next chapters.

3.2. Synthesis of CVD graphene films

The first step in this thesis is to synthesize grapHéms. As explained in
Chapter 2, various methods can be used for this purpose. €herapor deposition
(CVD) on Cu foil has been shown to be a promising oetbr large-area synthesis [29].
Similar to the method explained in [29] with some modifaas graphene was grown on
a 25 pum thick Cu foil (Alfa Aesar, item No. 14482, cut to pserearbitrary size) in a
low pressure environment using chemical vapor deposition (CHiQure 3.1 shows a
photo of a sample of Cu foil used for the synthesigraphene. Care must be taken while
cutting the Cu foil to avoid folding the foil and to hawesmooth substrate for growth. In
a typical synthesis process, the Cu foil was loadénl anquartz tube and heated in a
furnace to 1000°C. The annealing process was carried out 20i¢ecm Hand 50 sccm
Ar atmosphere at vacuum pressure ~800 mTorr for 30 minutes.h&lps to remove
oxide from the Cu foil and to increase the grain sizéhefCu, as this is critical for large
area and uniform synthesis of graphene films. In the drastp, 35 sccm CHwas
introduced for 20 minutes maintaining the sameadd Ar gas flow rate. Then, the
furnace was shut down and the quartz tube dragged out dfttlaeda to allow rapid cool
down to room temperature under the same gas flow ratgidally took 30 minutes to
reach room temperature before taking the sampled—auire 3.2 shows a photo of the
CVD set up used for synthesis. The quartz tube in thapsetas 45" long with a outer
diameter of 1.5". Thermolyne 59300 high temperature tube funvaseused in this set
up that can go to temperatures up to 1700°C. A DTC-531-115-BX atlitgérmocouple
readout and gauge tube was used to measure the pressure gridcedsn the set up
before the tube. Stainless steel tubing 1/4" diameter wes tasdirect the gases from

mass the flow controllers to the tube. The distdretereen the mass flow controllers and
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the tube is ~ 100". A Leybold D40BCS vacuum pums waed to lower the pressure
during growth and was found to be critical for gnogvlarge area uniform graphene.
Fomblin oil was used in the vacuum pump for safisgues, as graphene synthesis
involves flowing hydrocarbons and hydrogen gasesLNWA6150K 6" Right Angle
liquid nitrogen (LN) Trap, NW40, 2 Liter Reservoir was used to coel blydrocarbons
gases and trap them before they entered the vapuamp. This is important for the life
time of the pump and general safety of the system.

Y

Cu Foil

Figure 3.1.Schematic of a 25 um roll of Cu foil used for $ygis of CVD graphene.
Furnace

Quartz tube

N, trap

uregage

Pump

Figure 3.2.Photograph of low pressure graphene growth set up.
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Figure 3.3 (a) shows a photo of a Cu foil covered widplgene that has a shiny
surface. It is important to note that graphene was sgizigek on both sides of the foil. An
optical image of the graphene shows a large area ddnering the entire Cu foil
uniformly as shown in Figure 3.3 (b). The sample was chanaed using a variety of
optical and surface science methods to quantify the qualfity doping state of the
graphene. For a baseline, Raman spectroscopy was peifomuile an excitation
wavelength of 532 nm and collected in the backscatteringgtmation. Laser power was
kept below 0.5 mW to avoid laser-induced heating. A 50X oljedens was used to

focus the laser on the graphene samples during the Rasasurements.

(b)

()

Figure 3.3.(a) Photo of Cu foil covered with graphene. (b) Opticage of graphene on
Cu foil. (c) Micro Raman Spectroscopy (532-nm laser wagglgrdata taken of CVD-
grown graphene films on a 2%n Cu substrate at 1000 C. Data show prominent graphitic
(G) and 2D bands and the lack of any detectable defect pgaKTf{i2se results indicate

high quality graphene grown on Cu. The scale bare in5Q ign.
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Figure 3.3 (c) shows a representative Raman spectroscepgurement that
shows prominent graphitic (G) and (2D) bands and the lackyofletectable defect peak
(D) on synthesized graphene films. The background in theaRagpectra on which
graphitic peaks were observed is due to presence of graphe@e foil, the so-called
fluorescence effect. This background should not be olgexfter transfer of graphene
off the Cu foil to another substrate. As explained imér 2, the G-peak (~ 1585 ¢jn
is due to first-order Raman scattering by the doubly degenetone center optical
phonon mode, and the 2D-peak (2680-2700%)cris associated with second-order
scattering by zone-boundary phonons [38, 44-46]. In firstroRBENan scattering, the
observation of zone boundary phonons is inhibited by setfecules. However, in
defective graphite, the so-called D-peak (1345-1358)dsdue to first-order scattering
by zone-boundary phonons. The Raman fingerprint for CVD graphsswever, was
confirmed by using the 2D- and G-peaks’ intensity ratig/li¢), [29, 45] and the width
of the 2D-peak [38, 45, 130]. The 2D to G band intensitpsatip/ls, of the samples
synthesized were higher than 2.3, and the full width nm@ximum (FWHM) of the 2D
band was around 30 émwhich was typical of these films and is indicatifermnolayer

CVD graphene.

3.3. Transfer of CVD graphene films

After synthesis, graphene needs to be transferred onotbea substrate for device
application. However, the transfer process can leaagows chemical groups on
graphene films that affect its electrical propertiesadidition, the transfer process may
result in the formation of cracks and voids in graphi@nes that are detrimental to the
performance of such devices. Therefore, a defect-frabotieneeds to be utilized to
minimize the impact of the transfer process on the grapfien. To this end, the same
process reported in [27] with some modifications willubéized. First a layer of PMMA

(9% volume dissolved in anisole) was deposited on the gra@pby spin coating. It is
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important to prevent any bending or folding of Cu foil dgrthe spin-coating process; it
must be smooth. A high vacuum in the spin-coating tool ystmaluces folding in the Cu
foil. A reduced vacuum pressure was achieved to avoid foltingsing a rubber support
disc on the spin-coating stage. Depends on the sampledsoplets of PMMA used to
cover the Cu foil. Spin coating was performed at 1500 rpmlfminute. After spin
coating a razor blade was used to remove thin Cu foil fleenstage of the spinner
without leaving folds in the film. PMMA was cured at 150-1808C + 5 minutes in a
box furnace, and then the sample was cooled to room tatape gradually. The Cu foil
was then etched with 30 vol. % FeCGlqueous solution overnight. (The Fe(@#O
solution can be used for a faster etching rate as wé&lhgn the PMMA/graphene film
was washed in DI water two times; it was then treatigal 10 vol. % HCI solution for 10
min to remove any Fegtesidue. The sample was washed again in deionized (Dé&y wat
several times to remove residual HCI and any contansramind to the graphene. For
all these washing and acid treatments, a piece of ¢JlEes slide was used to transfer
bilayer PMMA/graphene from one batch to another to redury folding or mechanical

force on the film.

Figure 3.4.Transfer process of CVD graphene films.
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The bilayer PMMA/graphene sample was then placed on tk&#edesubstrate by
scooping it out from the DI water on which it was flogtiThe substrate was cleaned
with acetone, methanol, isopropanol (IPA), and DI wated dried with air or with a
nitrogen gun before transfer of the bilayer PMMA/gragherhe substrate was placed
inside a petri dish and heated to 70°C gradually on a hotplateaporate water trapped
between the film and the substrate. This helps batteesion of the film to the substrate
and improves the transfer quality. Usually 5-10 minutebkeaiting was enough for this
step. Then, the sample was cooled down to room temperatudroplet of diluted
PMMA (4% volume dissolved in anisole) was placed onliteyer PMMA/graphene
and cured at room temperature for an hour. The sample it&deetri dish was placed
on a hot plate at 50°C and the PMMA was removed using aeeidashing in acetone
can be repeated multiple times for better removalMMRA. Without loss of generality,
the films can be transferred onto any substrates cdoigatith this processing method
(e.g., silicon dioxide, plastics, glass, quartz, efeéigure 3.4. shows the schematic for

transfer of CVD graphene films.

Figure 3.5.Photograph of a graphene film transferred onto a fiegtetfansistor (FET)

device with 300 nm thick oxide coated on a Si wafer.
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Monolayer graphene films transferred onto a SiO2 co@@d nm) Si wafer can
be observed by the color contrast (purple-to-violet imgalnder the white light due to
light interference effect. Figure 3.5 shows graphenesteared onto SiO2 (300 nm)/Si
substrate that is visible under the white light. The edsirrows in the figure are plotted
at the border of the graphene film. Figure 3.6 shows aopbfdbilayer PMMA/graphene

transferred onto a flexible PET substrate.

Figure 3.6.Bilayer PMMA/graphene transferred onto a flexible PHbssrate.

3.4. Characterization of the CVD Graphene Films

3.4.1. Raman spectroscopy in Graphene

The quality and number of graphene layers were idettiffeough various
characterization methods. Raman spectroscopy was geapto ensure the presence of
graphene films after the transfer process accordingear#thod explained in section
3.3. Figure 3.7 shows the Raman spectra of graphene trads@arto SiQ'Si substrate
with dominant G and 2D peaks and lack of detectable D peak.iftheates that the

transfer process did not induce any defects on the grafilrase

Figure 3.7.Shows Raman spectra of graphene after transfer {6Ssi€ubstrate.

62



Figure 3.8 shows Raman mapping of the 2D and G peaks oveatra BY 50 um.

Figure 3.8.(Left) Raman map of 2D peak from 2670 to 2710'c(Right) Raman map
of G peak from 1580 to 1590 &m

12D/1G

IG/ID

Figure 3.9.1,p/lg (Top) and &b (Bottom) collected from Raman mapping date over a 30

pm by 30 um area.

The intensity of D, G, and 2D peaks were collected fReiman mapping data,

and bp/lc and b&/lIp were plotted over a 30 um by 30 pum area as shown in Figare 3.
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lop/lc ~3 is indicative of monolayer graphene aglg between 10-40 is indicative of

less defects induced to the film due to transfer process.

3.4.2. X-ray photo electron spectroscopy (XPS)

As explained earlier, the transfer of CVD graphene lemve a number of
chemical groups on the surface of the film that impiscelectrical properties. Some of
these groups can unintentionally dope the film, as veilekplained in further detail in
Chapter 4. Intentional doping of graphene by chemical dopamdsvarious self-
assembled monolayers can be confirmed through X-rayoBlectron Spectroscopy
(XPS) as well. Therefore, a XPS study of graphene fidnad importance before utilizing
it in device applications. XPS was employed to identifg elements present on the
sample surface after the transfer process. XPS datdatits for most of the elements
are in the parts per thousand range. Detection limitpanfs per million (ppm) are
possible, but require special conditions: concentratiortopt surface or very long

collection time (overnight).

Figure 3.10. XPS survey spectra of graphene without HCI treatmemh f0-1300 eV

indicates presence of Fe and CI.
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XPS data were acquired using a spectrophotometer (VG Scide§CALAB
210) with an Al Ka X-ray source {iz=148668 eV). XPS measurements Wiese
conducted on a SiO2 substrate that had been taken throeigtaiine graphene transfer
process. This initial test was designed to determindakeline of any residual elements
and chemical groups on the substrate. Next, CVD grapfileretransferred onto SiO2
substrates and measurements were repeated on graphenéhglmurvey scan spectra
were collected randomly at several points at the bindimeggy (B.E.) of 0-1300 eV with
a step size of 1 eV and a spot size of 400 um as showgureF3.10.

This scan showed the most prominent peaks to be Cls andd@ygen was
abundant on the surface of the carbon as well as tinen$iQ substrateHowever, there
are two peaks at binding energy of 195 eV and 700 eV that aesponding to Cl and
Fe. Peak table analysis indicates the presence of 1.19.88% of Cl and Fe in the
sample. As explained earlier, Fe@las used to etch the Cu foil in the transfer of CVD

graphene.

Figure 3.11. XPS survey spectra of graphene with HCI treatment f&B800 eV

indicates lack of any peak associated with Fe or Cl.
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The presence of Fe and Cl in the XPS survey of trangf€@¥D graphene indicates that
multiple washings in DI water does not clean the sampleeCt completely. Therefore,
another acid treatment step was utilized to treat éingpte with HCI before transfer to
the desired substrate; this assures complete remokalGif Figure 3.11 shows the XPS
survey spectra of graphene films after HCI treatmené Jirvey spectra prominently
showed the C1s and O1s peaks and the lack of any peak testsoath Fe or Cl (Figure
3.11).

A high resolution XPS spectrum of the Fe 2p peak was atpairad over 690-
730 eV with the same spot size and the step size of 0.Eigiré¢ 3.12). Comparison of
the Fe 2p core level spectra before and after HClmesat shown in Figure 3.12,
suggests that the acid treatment effectively remove&#ellk from the graphene film

below the detection limit of Fe 2p in XPS (~0.008%).

Figure 3.12.Fe 2p core level spectra of graphene with and withouttié@lment.
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3.4.3. Thickness measurement and refractive index of graphe

The importance of graphene synthesis on Cu foil uBMD technique is that this
produces large area films that are uniform. To investiteehickness uniformity in the
microscale range, Raman mapping was utilized, wherentbasity ratio of the 2D over
G peak was employed to confirm the presence of monolgya@phene. However,
graphene films can be synthesized on the macroscale @ centimeter to couple of
meters scale) on Cu foil. To investigate the thicknesgormity over large scale,
ellipsometry was used. The film thickness and refradtidex were measured using an
M-2000 Woollam spectroscopic ellipsometer over the wagtterange of 192-1698 nm.
The M-2000 utilizes CCD array detection in which all wavelesgite simultaneously
measured. This provides up to 700 wavelengths in a few seclingses a rotating
compensator ellipsometer (RCE) configuration for fast, uete measurements.
Ellipsometry uses polarized light to characterize fthin and bulk materials. A change in
polarization is measured after reflecting light frohe tsurface. This measurement is
expressed as two values, Psi and Delta, which areddiatthe ratio of Fresnel reflection

coefficients, R and R, for p- and s- polarized light, respectively.

f " ® . :t O" 1% 3'1
nt

The Psi-Delta data are analyzed using regression methedslowchart) to determine
properties of the sample of interest. These properéiagnclude film thickness and layer
optical constants.

A high resolution, 18,000 point ellipsometric scan of a geaphcoated sample
was conducted. The data were analyzed and the graphene s$kiekaedetermined using
recently published values of graphene’s optical propdtigks|. Figures 3.13-3.16 on the

next few pages will help describe the analysis. When fmgdéhe thermal oxide and
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graphing the fit quality over the entire sample, the nseprare error (MSE) was found to
be drastically higher in areas outside of the cracks én dtaphene. This gives us

confidence that the measurements are highly sensitie teery thin layer of graphene.

Figure 3.13.Optical image of graphene shows the presence of cradke itransferred

film on SIO,.

The ellipsometric data measured in the cracked regidheofiraphene film was
found to be quite different than the data measureddsutsi the cracks. An example of
the ellipsometric data for the graphene is showigure 3.14 in comparison to the bare
thermal oxide surface found within the cracK&ie uniformity of the thermal oxide is
unknown; therefore, the thermal oxide thickness was allowedry. Since the measurement

was highly sensitive to the thin graphene layer, correlation wade.
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Figure 3.14.Spectroscopic data for graphene and Silicon dioxide.

As previously discussed, an 18,000 point ellipsometric measume was
conducted. The refractive index of graphene was taken frdotisped values and held
fixed. The thickness of both the graphene and silicomthleoxide were allowed to vary.
Ellipsometric data from one of the many measured graploeagons is shown in Figure

3.15. The optical constants are taken from Weber, Et3].

Figure 3.15.Optical constants of graphene (n, k) at different wengths.
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The average thickness of the graphene layer was fouhd ®25A (see Figure
3.16). The typical thickness of a monolayer graphene ilirabout 3.35A [132]. The
slight difference should be mostly attributed to tiigcantinuities in the graphene film.
The red areas in the figure indicate that graphene ipmesent. This is verified by the
very noticeable ‘cracks’ in the graphene, due to thestea process, that are even visible
to the eye. The density of the red spots will lower‘@verage’ thickness of the graphene
film. Visual inspection of the figure reveals that theskegraphene areas are about 3A in

thickness, which confirms the presence of monolayer grapfiL33].

Figure 3.16.Graphene thickness contour plot over 4 mm by 4 mm area.
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3.4.4. Imaging the graphene film

Cu foil as growth substrate for graphene has micrescahuniformities in
thickness. In addition, the grain size of the Cu fodfismportance for synthesis of large
grain size graphene. Imaging of graphene on Cu foil befansfer is important to ensure
the presence of high quality films, as cracks and vodght be introduced during the
transfer process. Furthermore, some contaminatiom@mgraphene surface can be seen
using various imaging techniques. These methods are keystwirgs quality before
utilizing graphene for any device applications; they are eyaol on the graphene
samples used for various unintentional and intentionalndspthat will be studied in
Chapters 4 and 5.

Atomic force microscopy (AFM, Dimension 3100 MultiModé&M, NanoScope
[l controller, Veeco) measurements were done on grapbe Cu substrates as shown in
Figure 3.17. The image shows Cu grain covered with graphHemeTte waviness on the
Cu foil in microscale can results in formation ofinkles on graphene after transfer to

another substrate.

Figure 3.17.AFM image shows graphene film covering grain boundarfi€3u.
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A Zeiss Ultra60 scanning electron microscope was also tosgdage graphene.
Figure 3.18 presents a representative SEM image of theféreed graphene film on a
SiO; substrate that reveals wrinkles and a few small falkeis believed that these
wrinkles are due to folding of graphene films in transfied parts of the films that are
grown on the grain boundaries of graphene. As explaine@regnaphene was grown on
both sides of the Cu. In the transfer process the gregpbn the bottom face of the Cu,
which is not covered with PMMA, was detached from thef@uand floating in the
etchant solution. Sometimes, small flakes of floagmngphene became attached to the
bilayer graphene/PMMA. These flakes can be observedeirlSEM image as shown in

Figure 3.18.

N o /

Graphene flakes detached\fr'om the bottom face of Cu

Wrinkles

Figure 3.18.SEM image of graphene transferred on,S0bstrates shows the presence

of wrinkles and small graphene flakes.
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Transmission electron microscopy was also used &wacterize the graphene
film. To this end, graphene was transferred to a TEM gsidg a procedure similar to
the method explained in section 3.3. The only differaadbat PMMA was removed by
holding the TEM grid with bilayer graphene/PMMA above aoet vapor rather than
placing it inside the acetone bath. This prevented any damwagee TEM grid and
allowed better transfer quality. Figure 3.19 shows a TEMgenof a graphene section
that has a small crack. Diffraction pattern TEM intksathe presence of a monolayer

film as shown in Figure 3.19 (Letft).

Figure 3.19. (Left) TEM image of graphene with a small crack. (RjgDiffraction

pattern of graphene showing presence of monolayer film.

3.4.5. Optical transmittance

As explained in Chapter 2, graphene is highly transparéhtw2.5 % adsorption
of light in the visible range (550 nm wavelength) [132]. Thiwvasy important, as it
makes graphene a potential material for transparent covel@d¢ctrode applications. In
addition, with a well known transmittance of mon@eayraphene, this is yet another
technique to ensure the presence of monolayer graphenarga dcale areas. For
calculating the figure of merit (FoM) for graphene filnexplained later in this chapter,

optical transmittance measurement is required.
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The optical transmittance of the graphene was medauwsing a Cary 5E UV-
Vis-NIR dual-beam spectrophotometer. To this end, grapkese transferred onto a
guartz substrate using a process similar to the metholdiesd earlier. Pieces of the
same quartz substrate were used as a baseline to dab&itransmittance of the
monolayer graphene film. The graphene film has shown ~97 &8nittance at 550 nm,
averaging data taken for a minimum of three differenhtpoper sample (Figure 3.20)
[132]. This indicate that graphene can be a potential mbferigransparent conductive

electrode applications.

Figure 3.20.Optical transmittance of graphene film as a functibwavelength.

3.4.6. Mobility measurement

The electrical properties of graphene are of sigmficgenportance for transistor
and transparent conductive electrode applications. Canoéilities in pristine graphene
have been estimated to be as large as 200,0680/smwhich are several orders of
magnitude larger than is the case of silicon. Silicasspsses maximum carrier mobilities
of approximately 1450 cffVs [134]. In comparison to other organic semiconductors,
graphene’s mobility is far superior since the best orgamunductors have mobilities

that are only on the order of 1 to 15%ys [135]. These electrical properties have
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spurred research directed at developing graphene for usevamiedy of electronic,
optoelectronic, and sensor technologies [136-137].

To measure carrier mobilities in graphene, back-gated G\aphene field effect
transistors were fabricated using standard lithography astdllmation techniques in
conjunction with a solution based transfer of CVD graywaphene. A highly p-doped Si
wafer was used as a gate, with a 300 nm thick thermally gsiligan dioxide layer as
the gate dielectric. Au was used as source and drain toAtachematic of a graphene

FET device was shown in Figure 3.21.

Figure 3.21.Schematic of a back-gated graphene field effect tramdsbricated using

lithography for mobility measurement.

A photo of a graphene FET device is shown in Figure 3.22 clilannel size used
was 50 pm by 2 mm. The size of the channel affectenthality of graphene as with an
increase in the channel size the carrier mobility dee®aThis is due to possibly
increased presence of cracks and voids in the graphenewiinm the channel that
present resistance to the flow of charge carriers.

A constant voltage applied between drain-to-soureg;, ¥nd current from drain-
to-source, djs, was measured with a change in the voltage across tee\ga. Figure
3.23 shows measurements of thg Vs Vs of a graphene FET device. The gate voltage at
which Ip/s is minimum is called \p or “voltage at neutrality point”. A \b value close to

zero is indicative of graphene with equal presence ofrele@nd hole carriers. It is

75



important to note that as-made CVD graphene is intaligiqp-doped because the
transfer process produces an excess amount of p-dopavfpras a positive value.
Figure 3.23 shows the I-V curve of an FET device after vacaimnealing that resulted in

removal of atmospheric p-dopants resulting ip Yeing close to zero.

Figure 3.22.Photo of a graphene FET device shows source, drainharahannel.

The field-effect mobility for both of the devices wa§60 +100 crfiVs (hole and

electron mobility); it was extracted using equation 3-2, [138]

SE* 7152¢ 75" 3-2

where 4 is electron mobility and gis hole mobility, Lr= 2 mm,gn=dlp/dVe, Wer= 50

um, Vbs= 0.1 V and Cg=115 aR#?. For electron mobility, g=dlp/dV is the slope of
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the I-V curve at the right hand side ofjg/ and for hole mobility it is the slope of the I-V
curve at the left hand side ofyM It is important to note that the calculated carrier
mobilities will have two components: one is due to longgeadisorder and another one
due to short-range scatterers. Therefore, the valukdevireported in this thesis for
carrier mobilities are overall field effect mobilitiasd they are not intrinsic mobilities of
graphene within a single domain. To this end, peakv@ues are used for all of the

mobility calculations.

Figure 3.23.1ps vs. Vi of a graphene FET device shows presence of electranscde

carriers.

The electron (n) and hole (p) concentrations of gnagltan be calculated using

following equation, [90, 139]:

“«E " % .<Q 3-3
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wheree is the charge of the electron, ange\6 the voltage at the charge neutrality point.

3.4.7. Sheet resistance measurement

The significance of the mobility of the electron @arr », and the hole carriery,
is that they have a direct impact on the direct ctiwenductivity, oc, for graphene film

as shown in equation 3-4.

T ™ 4™ 3-4

Therefore, the conductivity can be increased with aneas® in the carriers
(electrons/holes) mobilities or their concentratime carrier mobilities are intrinsic
properties of the material that depend on the grain sizetlae quality of the film.
However, they can be enhanced through optimizing the reidosas well. The carrier
concentration can be increased via doping of the filthese methods and their impact
on the electrical properties of the graphene will lseuBsed in detail in Chapter 5.

According to equation 3-4, the resistivity can be expreasesuation 3-5:

3-5

The resistance of thin films that are nominally unifoimmthickness, also called sheet

resistance (R), can be obtained from equation 3-5 as follows:

3-6

| e
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Therefore, the sheet resistance of graphene can leen@dbtfrom the mobility data
measurements presented in the previous section. Howkeigels a very crude method of
measuring the sheet resistance, as it utilizes twdegrdor applying voltage and
measuring current. This method of measurements resuiigainresistance that includes
both sheet resistance of the graphene and resisthgcaphene and metallic contact as

depicted in Figure 3.24.

Figure 3.24.Schematic of circuit diagram for two point probe eieal measurements.

The four-point probe method avoids the issue of contesistance in sheet
resistance measurements and was first developed by K@kéi. In this method a
constant current source is applied to the outer probg s aoltmeter is connected to the
inner probes to measure the voltage drop. A four-point pschematic and electrical
circuit diagram are shown below in Figure 3.25, where miattprobesS;, $ S are

equally spaced from one another, at a distance eq&al to

Figure 3.25.Schematic of circuit diagram for four point probe nueaments shows that

resistance of graphene film can be measured witholuidirg contact measurements.
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Once the bulk resistand®, is obtained, the resistivity of the thin film as shown in

Figure 3.26 can be rewritten as:
Vof = 3-7
By

whereA. is the cross-sectional area of the thin film andeBned in equation 3.3, and L

is the length of the thin film.

3-8

t :|/ %I
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W

Figure 3.26.Geometry of a rectangular thin film with uniform thielss.

Substituting equation 3-8 in equation 3-7 and considering equati®nthe

resistance of the film can be written as a functbeheet resistance:

© -2 ©e 3-9

« -

Figure 3.27.Photo of a four point probe device for sheet resistaneasurements of

graphene.

80



A four point-probe device was fabricated using a standandgliaphy and
metallization technique similar to the method used for htplheasurements; this probe
was used to obtain the bulk resistivity of graphene filmiihout inclusion of contact
resistance. A schematic of this device is shown in Eig8r27 where L is 30 pm and W
is 1 mm. The resistivity for several as-made graphen&eke is 4.5 + 0.5 , and the

calculated sheet resistance is 150 + 18q.

3.4.8. Figure of merit

As explained in Chapter 2, one of the applications rgelarea graphene films is
in transparent conductive electrodes devices like touckessy flat panel displays,
OLEDs, and OPVs. For enhanced performance both highespgarency and higher
conductivity (lower sheet resistance) are desired rimsparent conductive electrodes.
The performance of thin flms can be further understoodelsting sheet resistance to
optical transmittance. To do this, consider the dedinitof the two-dimensional sheet
resistanceRs,, as shown in equation 3-6. Recalling that the , is simply 1/ from
equation 3-5, the thickness of thin film t can be writtenaainction of pc. The
transmittanceT, of a thin film can be related by the optical condudtjvity, as is shown

in [141-142],

3-10

N
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where the impedance of free spagg, is related to the permeability of free space,
and the permittivity of free spacep. Replacing t as a function ofc in equation 3-10
results in the conductivity ratiopc/ op Which correlates the transmittance and the sheet

resistance.

— ° oy, P A+
Z 4 —=—p fUYs  Y2uy, 2% 3-11
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As explained earlier, the transmittance of graphdme fat 550 nm wave length is
~ 97.5%. Substituting this transmittance and the sheettarse values obtained in the
previous section, FOM for monolayer CVD graphene will8dex 7. To maximize the
conductivity ratio it is desired to obtain a relativédyge pc and a relatively smallop.

To this end, a layer-by-layer approach was utilized toioltaproved conductivity in the
films with a minimum sacrifice in the transmittantiee method is similar to that used in
[11, 97]. The transfer process for each layer is sinbdathe transfer of CVD graphene
film that was explained in detail earlier in sectiBr8. After adding each layer of
graphene, the resistance of the film and its trananaé were measured; Table 3-1 shows
the measured transmittance and sheet resistance yfer-big-layer graphene and the

corresponding FOM.

Table 3.1.Shows transmittance, sheet resistance, and FoMyer-by-layer graphene.

Transmittance of the film decreased ~ 2.5% by adding Egen of graphene,
which is in accord with the previously reported value faroaption of light in monolayer
graphene film [132]. The sheet resistance drops by adding legeh as this process
provides excess paths for travel of electrons and hateswhe film. However, the FoOM
has the highest value for 2-layer graphene film. Thisnsi¢laat the decrease in the sheet
resistance is not enough to compensate the decre#ige transmittance that is obtained
by adding layers 3 and 4. The FoM calculated from layemlpgrl CVD graphene is

compared with other carbon based composite (graphene dimhaano tube) and doped
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graphene films. The layer-by-layer graphene film resultesheet resistance of 30'sq

with 90% transmittance. However, these films were dapidd HNO; towards improved
conductivity. It has been shown that the improvemerddping with HNQ is not stable
in the air, and the conductivity of these samples degrddesefore, FOM for our CVD

graphene samples in this work is outstanding.

Figure 3.28. FoM of layer-by-layer graphene compared with the ddti@mioed from

literature.

3.5. Conclusion

This chapter describes the process used to synthesisfetraand characterize

CVD graphene films. An optimized transfer process wapl@yad towards a clean
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graphene film with fewer defect sites. Different clodeastic methods were applied to
ensure the presence of high quality, large-scale monotagphene films. Field effect
mobility measurements, in conjunction with sheet rest#tadata, are indicative of
outstanding electrical properties for CVD graphene fithret can be potentially used in
next generation transistors. A figure of merit (FoM)0G3 obtained using layer-by-layer
transfer of monolayer graphene suggests that our CVD grapben be a potential
candidate for transparent conductive electrode applicatlmat are stable upon exposure
to air. Therefore, the CVD graphene fiims discussedhis chapter provide a good
reference point for subsequent chapters (Chapters 4 — 6yvithanhance the current

understanding of graphene with regard to their applicatidtEil devices.
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CHAPTER 4
THE IMPACT OF POST-GROWTH THERMAL ANNEALING AND
ENVIRONMENTAL EXPOSURE ON THE UNINTENTIONAL

DOPING OF CVD GRAPHENE FILMS

4.1. Introduction

As explained in Chapter 3, CVD graphene must be remowed fts metal
growth substrate in order to be integrated into electrdeiices. This process often
involves exposure of the graphene to a range of aqueousosslids well as the
atmospheric environment, [71] resulting in a host of chelngicaups that are attached to
the graphene once it is transferred to the target swbstfhe impact of these chemical
species on single layer graphene is of significant inapog in controlling the electronic
properties, as molecules adsorbed on the surface nagelthe level and nature of
doping in the graphene in a way that is often not thetrdgéthe process (referred to as
unintentional doping) [143]. Previous research has shown thtieatdoping level in
graphene can be modified through adsorption or desorptigas/vapor molecules (e.g.,
H,0, CO, NH, etc.) [82]. This effect has been explored in ordetdeelop graphene for
environmental and biological sensor applications [18, 20-21, 62, Odd¢r examples of
such graphene-based devices include ultrafast sensors rsade positively gated
reduced graphene oxide field effect transistors (FETs) [1d4&]lav cost, miniaturized

graphene pH sensors [146].
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Thermal annealing has been investigated as a method to dhanigeeraction of
graphene with molecules adsorbed from the environmenglyeffecting its electrical
properties [88-91, 99]. However, it is still unclear as toclw mechanisms or functional
groups are responsible for this unintentional doping intgrae, and how the attachment
of the functional groups correlates to shifts in the p+uppevel and charge mobility of
graphene. Therefore, additional work is needed to bettlarstand this environmentally-
induced unintentional doping effect and the degree to whidant be controlled or
manipulated.

In this chapter, we present a study of the effectsnimentional doping levels of
graphene exposed to vacuum annealing followed by exposure ttolieah
environmental conditions. CVD graphene fiims were grown compper foils and
subsequently transferred onto insulating substrates usingcassrsimilar to the method
explained in Chapter 3. The graphene films were charaetein an environmental
chamber using in-situ Raman spectroscopy and ex-situ X-ragglbotron spectroscopy,
Kelvin probe measurements, and using back gated field eféaxdigtor structures before
and after annealing. The goal of this chapter is to itelib@w the vacuum annealing
process alters the electronic properties of CVD grapligms. Figure 4.1 shows a
schematic of chemical desorption by vacuum annealing andpaidsoupon subsequent
exposure to air. Results demonstrated that the desoptimess leaves active sites for
the oxygen and water vapor molecules from the environneeriie re-adsorbed on
graphene resulting in a more highly p-doped film. This israplex process and shows
the importance of the thermal and environmental historyhe unintentional doping of

graphene films.
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Figure 4.1. Schematic of chemical desorption by vacuum annealing amdspheric

adsorption upon exposure to air.

4.2. In-situ Raman study of CVD graphene films

4.2.1. Measurement set up

As explained in Chapter 2, Raman spectroscopy is a poviedior identifying
the number of graphene layers by examining their grapgieak (D, G, and 2D) intensity
ratios/linewidth and their doping state through the pasiind linewidth of these peaks.
To this end, graphene films were synthesized and trandfer® a Si@ substrate as
explained in Chapter 3 [29, 147]. After their transfer omt® $iQ substrate, Raman
spectroscopy was utilized to investigate the quality ofabkdransferred graphene by

examining the D, G, and 2D bands. All spectra weretegavith visible (532 nm) laser
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light and collected in the backscattering configuratiotin\& laser power below 0.5 mW
to avoid laser-induced heating [89]. A 50X objective lens wsed to focus the laser on
the graphene samples during the Raman measurementanpkes were placed inside
an environmentally controlled microscope stage with hgattacuum, and gas delivery
capability (Linkam TS 1500) for in-situ Raman measuremertts. thermal stage was
mounted onto a X-Y-Z micropositioning stage to confomiusing and the measurement
position. A quartz window was used to allow optical ascts the sample, while a
vacuum pump was used to evacuate the pressure down to lmfi@rtemperature was
controlled between room temperature and 500°C. The drithe laser spot on the

graphene due to thermal expansion was minimized befareakurements.

Figure 4.2. Photo of In-situ Raman measurement set up with heatowjing, vacuum,
and gas delivery capabilities. Thermal stage has gas wrdetium outlet, and water

cooling system.
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The sample was heated up to each set point temperatiteekthfor 15 min to
ensure temperature stability and to allow for desorptibrsurface functional groups
bonded to the sample. Raman measurements were perfotneathatemperature set
point both on heat up and cool down at several differentsspotthe surface of the
graphene to verify reproducibility. After cool down, thenpde was exposed to,NO,,
and air while Raman measurements were repeated onrtiee rmaasurement locations
using the micropositioning stage. All Raman peaks wetedfitvith Gauss-Lorentzian
lineshapes to determine the peak position, line width and ityeofsthe D, G, and 2D

Raman peaks.

4.2.2. Raman results and discussion
Figure 4.3 shows the graphitic peak position measured unddrolth

environmental conditions. Red and blue data indicate tlasumement results during the
heat up and cool down process of each graphene film, tegpecThe G and 2D peak
positions shifted to lower wave numbers as the temperahcreased, as previously
observed [148-149]. This is partially attributed both tdemperature effect and to
thermal expansion of graphene at high temperatures.inthesic temperature effect
depends on the anharmonic potential constant as welhatheo phonon occupation
number. As the Debye temperature of carbon matesals2B800°K, the anharmonic
contribution can be ignored [89]. Therefore, direct cagplof the phonon modes and
thermal expansion induced volume change both contributiketoesulting temperature
dependence of Raman spectra. In addition, vacuum annaalkigvated temperature can

cause desorption of oxygen groups and moisture, which r@sdisdoping of graphene.
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Figure 4.3. Graphitic peaks (G and 2D) positions under colg@dolenvironment
conditions. (a) Temperature dependence of G pe#lk wil2 cnt blue shift due to
vacuum annealing and re-exposure to air. (b) Teatpexr dependence of 2D peak with ~
9 cm' blue shift due to vacuum annealing and re-exposorair. A hysteresis was

observed during heat up and cool down cycles.
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A decrease in Raman graphitic peak position due to the giegdprocess may
also occur. A sudden drop in the G and 2D peak positionsurezh after vacuum
annealing at 100°C indicates possible evaporation of moigifirhe substrate. A
hysteresis effect observed in the G and 2D peak positi@asured during the heat up
and cool down process confirms that the desorption of oxygeups and moisture
during vacuum annealing has some impact on the Raman pealorpo$his is in
contrast with the previously observed temperature dependenegfoliated graphene
[89, 149-150], where the G and 2D peaks showed a red shift afit%ued ~3 crit due
to vacuum annealing, respectively. The temperature coeffitwe the shift in the G and
2D bands in CVD-grown graphene was measured as 0.022C8mand 0.044 cie°C?,
respectively. This indicates the higher sensitivity of 2Bepeak to temperature change,
as the 2D peak is a second-order phonon peak, and thessithanced for the second
harmonic.

After vacuum annealing and cool down, the sample was edposN gas in the
Linkham stage and the Raman measurements were repdateglaminutes as a control.
The peak positions did not experience a significant chaagy@xpected. Next, Qvas
introduced inside of the Linkham stage, and the samples ggosed to it for periods
varying from 5-60 minutes. Under these conditions, in-situ &@ameasurements showed
a significant increase in the G and 2D peak positionss Iportant to note that a
saturation in the oxygen adsorption was observed, as furtrease in exposure to,O
gas did not result in an additional shift in the peak pwosi{B8]. Following oxygen
exposure, the sample was exposed to air, resulting umtlef increase in the Raman

peak positions, indicative of additional doping through ti&option of water vapor to
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the edges and defect sites of the graphene [89]. Figure @w& $he blue shift in the G
peak position up to ~12 ¢mwhich is in accordance with other reported doping effects
by air exposure [151-152]. The 2D peak position is known teass with hole doping
and to decrease with electron doping [151]. In our analises2D peak position shifted
~9 cni' through Q exposure followed by air exposure. The observed shifter2D peak
position induced by atmospheric p-dopants is similar to rigyadrted after graphene p-
doping by electrostatic gating [89, 151].

Since it is believed that the oxygen containing groupsoresble for the p-doping
are physisorbed to the graphene, their attachment aaghde¢nt may be reversible,
depending on changes in the environmental conditions. Tlorexthis, another set of
measurements was performed to investigate the reuiysibf the doping process
through Q gas and air exposure. Figure 4.4 shows the in-situ Ranmeaksposition of
graphene samples that have undergone various annealing sfait g@aposure steps.
First, sample #1 was placed inside of the Linkham stagéeaied in vacuum to 500°C,
resulting in a decrease in G peak position from 1587 dawn to 1574 ci. Upon
cooling to room temperature, the peak position increasedrepudined at a reduced
value of 1581 cr corresponding to the de-doping of the graphene film.

Next, an N exposure resulted in no significant change in the Ramak pe
position. After the N exposure, a 5 minute;@xposure resulted in a significant shift in
the G peak position to 1585 &nwhile further exposure from 30-60 minutes caused a
slight change to 1587 ¢inThis indicates that the;@bsorption is a fast process and that
it saturates before an hour of exposure [88]. Re-exposuitdeosample to an N

environment for 30 minutes resulted in a decrease in the psilopdack to 1581 cth
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showing the reversibility of the doping process byaBsorption. Subsequent exposure to
oxygen resulted in the G peak shifting back to its saturatetb@ed position of 1587 c¢m

! This is in accordance with the reversibility of dopinghwdry O, reported for
exfoliated graphene [88]. Subsequent exposure to air resal@edignificant increase in
the G peak position to 1594 €mas shown in Figure 4.4. In Figure 4.4 sample # 2 was
subjected to a similar heating and cooling cycle, bug @xposed to air directly rather
than having an intermediate @xposure step.

As expected, a significant blue shift was observed in RaGaeak position,
increasing from 1581 cmatfter vacuum annealing to 1594 tntowever, in contrast to
doping with dry Q, exposure of the sample to aa &vironment did not shift the peak
position back to its initial position of 1581 &mbut 1589 crl. It should be noted that the
sample exposed to air could be doped by water vapor asasv€)l and other oxygen
containing molecules. The decrease in the doping level dthagxposure to dry N
may be a result of the removal of molecules, such.ash@ are weakly absorbed to the
graphene. However, other molecules such as water rhaeé stronger bonds to the
graphene and do not readily desorb in the dsyeNironment. Next, the sample was
vacuum annealed in the Linkham stage at temperatures up 96 @etermine if the
adsorbed molecules could be removed. The data shovaftbatheating to 50C and
cooling back to room temperature, the Raman peak positiomneet to 1581 crh
Again, another exposure to air resulted in an increageiRaman peak position to 1594
cm’® demonstrating the reversibility of the process. AddiioO, gas followed by air-

exposure did not result in a significant shift in thekpeasition.
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Figure 4.4. Oxygen and water vapor doping reversibility stu@y. Variation in G peak

position of sample #1 as it undergoes annealinggaisdair exposure steps. (a) Variation
in G peak position of sample #2 as it undergoegalmy and gas/air exposure steps. (C)
Variation in FWHM (G) peak of sample #3 as it urgtes annealing and gas/air
exposure steps. (d) Variation in FWHM (G) peak arhple #3 as it undergoes annealing

and gas/air exposure steps.
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Figure 4.4. illustrates the variation of the FWHM®fpeak and the intensity
ratio of the 2D and G peak.{flg) of sample #3 before and after vacuum annealing
followed by controlled exposure to different gas/air envirents. The significant
difference of the intensity ratio while heating and aaplis an indication of a change in
the electronic structure of CVD graphene due to annealingagcuum and before
exposure to air. A sharpening of ~3tiim the G peak with a 0.5 decrease in thgl¢
observed. The change in the FWHM of the G peak and:#Heg Fatio for both samples
that underwent By O,, and air exposure cycles is consistent with the ghithe G and
2D peak positions, indicative of de-doping and p-doping prosddeeever, the FWHM
of the G peak experienced a temperature dependence whichcantirast with the

previous report [149].

Figure 4.5.Raman spectra of graphene before and after annealing-argdasure to air.
There is a stronger dependence of the 2D mode intensiyrtealing than for the G
mode.

It is important to note that this vacuum annealing andkp@®ure to air process does not
induce defects to the structure of the graphene. Figure 4.5ssRaman spectra of

graphene after undergoing vacuum annealing, cooling, and aixjgasuee cycles.
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4.3. X-ray photo electron spectroscopy (XPS) of CVD graphendrfis before

and after vacuum annealing and re-exposure to air

4.3.1. Methods

To investigate the effect of the thermal annealing ®DCgraphene and re-
exposure to air on its chemical composition, X-ray patactron spectroscopy was
utilized. XPS data were acquired using a spectrophotométiScientific ESCALAB
210) with an Al Ka X-ray source Hu =148668 €V) using a process sintdathe
method explained in Chapter 3. Each surface was examirsdleast three spots. XPS
measurements were first conducted on a Siibstrate that had been taken through the
same graphene transfer process. This initial test wagnaelsto determine the baseline of
any residual elements and chemical groups on the subdtieate.CVD graphene films
that had been transferred onto SiSubstrates were measured before as well as after
vacuum annealing followed by re-exposure to air. The swsway spectra were collected
over the binding energy (B.E.) range of 0-1100 eV with a siee of 1 eV at a pass
energy of 200 eV and a spot size of 400 um. This scan shibvanost prominent peaks
to be Cls and Ols, as explained in Chapter 3. Oxygen wadaaibon the surface, as
the graphene had been transferred to a substrate pfGGx@sequently it was not easy to
detect changes in the oxygen peak in samples that wahleatad before and after the
heat treatment. Therefore, only high resolution XP&tspeof C1ls B.E. acquired over
282-293 eV with 400 pm spot size, 0.1 eV step size and 50 eV pagg/ evere used for
analysis. Thermo Avantage v4.54 Build 02750 was utilizedaf@lysis of the collected

spectra, where a shirley-type background was subtracted and G&9ssian-30%
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Lorentzian curve fitting was performed. Ol1s was utilizadchlibration purposes through

charge shifting the O1s peak from $¥0 B.E. of 533 eV [153].

4.3.2. XPS results and discussion

Figure 4.6 shows O1l1s B.E. before and after vacuum anneailthge-exposure to
air. A slight change in the shoulder of O 1s B. E. candbe to removal of oxygen
containing groups by vacuum annealing. In order to deconvolae, Gls B.E.
corresponding to carbon was set at 284.6 eV, and the peadg-procedure was repeated
until an acceptable peak was obtained. A line-shape analgsealed four main
components centered at binding energies of 284.6, 285.4, 2861128318 eV. In
agreement with results published elsewhere, the pe284ab ev is assigned to the C-C
(sp) , while the 285.4, 286.1, and 287.8 eV are attributed to defedt 3OH, and
C=0, respectively. These peaks verify the presence a&caiffinctional groups on CVD
graphene due to the process it undergoes in growth and nigfeiraonto insulator
substrates.

The atomic concentration of different peaks assignétiltowas compared before
and after vacuum annealing followed by exposure to air (T&le Hydroxyl (-OH) and
carbonyl (C=0) groups are the most dominant groups that asecrafter vacuum
annealing and re-exposure to air. This decrease provides oaongfar oxygen and water
vapor to be adsorbed on graphene upon exposure to dryrgas, oesulting in an

additional p-doping of graphene.
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Figure 4.6. O1s binding energy before and after annealing and re-expmsane Ol s
BE was used for calibration purposes and the XPS scamsclarge shifted to bring the

Ols peak from Sigto B.E. of 533 eV.

Figure 4.7. Core-level X-ray photoelectron spectroscopy (XPS) petksving typical

shift and broadening caused by vacuum annealing and exposure to air.

98



The energy position of the C 1s core level peak stifiadicated by the dashed
line in Figure 4.7, and is in accordance with previous repoirtgraphene p-doping
though chemical treatment [11]. As explained earliergexyand water vapor are well-
known electron acceptors. Therefore, addition of thgsecies on graphene makes
electron ejection harder, which translates to higherECEs Table 4-1 summarizes those

changes in the atomic percentages before and afterliagn@ad re-exposure to air.

Table 4.1. Atomic % of different peaks assigned to Cls before dtel aacuum

annealing followed by exposure to air.

Before After
Annealing Annealing
(At. %) (At. %)
C(sp) 284.6eV 61.2 68.5
C (sp) 285.4eV 125 14
C=0 287.8eV

4.4. Carrier concentration and mobility studies
To further investigate the p-doping in graphene due to annealiogvéd by air
exposure and to corroborate the results of XPS and Rapetroscopy measurements,
electrical characterization using field effect tramsistwas performed. A back-gated field
effect transistor (FET) was fabricated by transferringd@raphene onto heavily doped
Siwith a 300 nm thick thermal oxide layer; this step wdsvadd by lithography, plasma
etching, and Cr/Au metallization with a FET channel 920 pm wide and 2 mm

length, as explained in detalil in Chapter 3. Figure 4.8 slaosehematic of the change in
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atmospheric dopants by vacuum annealing and re-exposure tosastated earlier,
vacuum annealing removes contamination and provides more foyaime atmospheric

dopants to be adsorbed.

Figure 4.8. lllustration of change in atmospheric dopants with vacaanmealing and re-

exposure to air on graphene FET device.

Figure 4.9 shows source-drain curremk)lvs gate voltage (Vg) of a graphene-
based FET device as transferred and then after annealingeamgyasure to air. A
positive neutrality point voltage Q¥ on the order of 20V demonstrates p-doped
characteristics, which are attributed to chemical grdagaended to graphene due the
transfer process. The electron and hole mobility fer as-made device is ~108 +50
cn/Vs and ~217+50 cfiVs. Annealing at 206C results in a decrease in/close to
zero and an increase in electron and hole mobility uRi¥+50 crfi¥V's and ~434+50
cnf/Vs, respectively. This is due to removal of p-dopantsuyealing, which leads to
graphene with higher mobilities. After annealing and re-sxp®to air, an increase in the
Vnp to values higher than 60V was observed. This confirma@ease in accumulation
of p-dopants due to annealing and re-exposure to air. A dopacémtration of 1 E 13
cm 2 was calculated for the device after annealing and resexedo air, with a hole

mobility of 65 +35 cr/Vs. Figure 4.10 shows thesl vs Vy measured on the same
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sample after annealing. An increase in annealing time ametatore showed a decrease
in Vnp corresponding to the de-doping process. This confirmeh®val of p-dopants
due to annealing, as thq¥/shifted to zero voltage after 3 hours annealing, indieatf

very little doping in the graphene sample.

Figure 4.9.1V curve showing p-doping of graphene after annealing and pesexxe to

air.

The stability and reversibility of atmospheric doping walso investigated. To
this end, the sample was annealed a@d0r 3 hours and then exposed to air for one
hour. For this case N4 is shifted from zero to more than 10 V, indicative adqgping,

and electron and hole mobility decreased ca. 130+50Vsmand ca. 220+50 GV,
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respectively. The sample underwent the same heatmgaticycle, and as a resulfp/
shifted back to zero and electron and hole mobility shifiack to their initial values.
(~217+50 crfiVs for electrons and ~434+50 &ivis for holes). However, the inert;N
environment resulted in no change in the.VThe observed atmospheric doping effect
was reversible by heat treatment and irreversible bgriNironment, as is consistent with

the Raman measurements.

Figure 4.10.De-doping of graphene due to heating in vacuum over time.
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4.5. Work function measurements

The work function of graphene before and after vacuum adinge and
environmental exposure were measured by Kelvin Probe (Bedaelta Phi) [154-155].
Kelvin Probe work function measurements were averaged three locations on each
substrate. A highly ordered pyrolytic graphite (HOPG) sampth a work function of
4.5 eV was used as the reference sample. The measuresigta are shown in Table 4-
1. The work function measured on as-transferred CVD graphes ~5 eV, which is
higher than the value obtained for pristine grapheng,7~eV, and is indicative of an
intrinsically p-doped sample. Kelvin probe measurement® wepeated on transferred
CVD graphene after vacuum annealing and re-exposure tAraincrease in the work
function after annealing and re-exposure to air up to 0.%va¥ observed, indicative of
further adsorption of atmospheric p-dopants. A higher amge&mperature results in
heavier p-doping, which translates to more shift in thenFenergy level. This increase
is considered to provide direct evidence for chemical/middecesorption/adsorption of

0O,, H,0, and chemical groups on the graphene surface.

Figure 4.11. Schematic of a change in the work function of grapheneta@mnealing
and re-exposure to air. Work function (WF) measuremertg obtained using Kelvin

Probe (Besocke Delta Phi).
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4.6. Conclusions

The goal of this chapter was to demonstrate that a changbe oxygen
containing groups on the graphene film, induced by both angeahd re-exposure to
air, results in a p-doping on graphene samples. CVD grapkamples were cycled
between room temperature and 500°C in vacuum while inR&dtnan measurements
were recorded. During the heating and cooling cycle, a hgstarethe Raman response
due to the desorption of p-dopants was observed. Upon exgossegas or air, a blue
shift in the Raman response with respect to the as gfibwnvas observed, which was
due to increased adsorption of p-dopants on the sampkperiBhents showed that a
water vapor and oxygen combination is more effective dopng the samples than
oxygen alone, and that the doping effects are reversiltleth cases.

Electrical measurements performed on back-gated fieldtedfi@phene devices
indicate that shifts in the Dirac point correlate wellthe shift in the Raman peak
positions. XPS measurements revealed the change in &lespiecies on graphene,
resulting a p-doping. The change in the Fermi energy laes confirmed by work
function measurements before and after annealing andweeptmsair. The ability to use
vacuum annealing to systematically tailor the surface pat&i CVD graphene makes it
a potential material for device applications.

The results of this chapter suggest that vacuum annealiag effective method
to remove contaminants and other atmospheric dopamsdrgraphene surface. It also
improves the mobility of graphene film, which is of immce for FET device

applications. Controlled exposure t@ @nd water vapor can result in a graphene film
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with controlled work function, which is important foragghene application as transparent
conductive electrodes.

This chapter highlighted the impact of post-growth therraahealing and
environmental exposure on the unintentional doping of CVDplgae films.
Understanding the mechanism of unintentional doping andrmpact on the electrical
properties of graphene provides a great foundation for iatexitdoping of such films.
Therefore, this chapter provides essential knowledge abuaentional doping of

graphene films that will be discussed in Chapter 5.
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CHAPTER 5
GRAPHENE DOPING/INTERFACE MODIFICATION USING SELF

ASSEMBLED MONOLAYERS (SAMS)

5.1. Introduction

Graphene has many unique electrical properties, inclutingearly linear energy
dispersion relation, which results in electric fietdluced generation of electrons and
holes in the material; these electrons theorejidadivel as massless Dirac fermions with
very high velocities [2, 108, 156]. Nevertheless, therenamay challenges that must be
overcome before viable graphene-based devices can bedcrdatits pristine state,
graphene is metallic [2]. Although graphene may be usefal @snductor in electronic
devices, much of the current interest is in utilizing it ansemiconducting form.
Therefore, introduction and control of a bandgap in gnagl® crucial. Methods to open
a bandgap in graphene have been reviewed in Chapter 2x&wople, substitution of
carbon atoms in the graphene lattice with atoms suafiti@sgyen [157-158], substrate
induced band-gap opening, [159] and lateral confinement of chargersawoia quasi-
one-dimensional (1D) system through formation of grapheam@oribbons have been
shown to create an energy gap near the charge neupaailitty[160].

A second and equally important challenge is to develefhoals for controllably
doping graphene, since such methods potentially give atedssth p-type and n-type
materials and can allow for adjustment of the work fismcof graphene [35]. Graphene
doping been performed primarily through electrostatic gatifi61] chemical
interactions, [162] and intercalation methods [35, 163-164)vd¥er, most graphene

samples obtained in these ways are composed of mgaitilalms with significant
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numbers of defects that reduce carrier mobilities sicanifily. Therefore, due to both the
complexity and lack of control of some of these dopimecesses and the resulting high
defect levels reported for many of these doping technigheschapter will focus on
developing a low temperature, scalable technique for dopinghgng with minimal
introduction of defects.

Chapter 4 demonstrated the unintentional mechanism of geplog@mg through
adsorbates from the ambient environment. In this chapterface interactions of
graphene monolayers with self assembled monolayem1§5An SiQ substrates will be
explained to intentionally dope graphene films. As expthimeChapter 2, SAMs have
been recently used to modify graphene and dielectterfates by reducing charged
impurity scattering and the effects of environmentally indudeping on graphene; [114-
115] SAMs have also been used to control charge carmgicancentration in order to
create n- and p-type graphene field effect transiste3 ¢) [116-119]. Unlike chemical
doping, this method uses SAMs that covalently bond to thstiaie rather than to
graphene; this results in thermally stable doping andkeirdiectrostatic gating, it is
independent of dielectric material and thickness. Thetemiional doping described in
Chapter 4 will assist in the development of methodstiable and intentional doping of
the films using SAMs. First, p- and n-type doping throughViSAwill be explained,
where various characterization methods will be utiltmedentify and validate the extent
of achieved doping. Next, this method of doping will béeaded to form controllable

graphene p-n junctions.
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5.2. Graphene doping/interface modification using SAMs

5.2.1. Interface modification using SAMs containing silane group

5.2.1.1. Introduction

In this section, a facile, defect-free, and low terapee approach was utilized to
intentionally dope CVD grown graphene films. To this end3-
Aminopropyltriethoxysilane (APTES) and 1H,1H,2H,2H-Penfumctyltriethoxysilane
(PFES) were used to modify the interface betweenfeaesl CVD graphene films and
their supporting dielectric to create n-type and p-type lgae, respectively. APTES
contains an amine functional group with a basic nitrogeméahaving a lone electron
pair. The electron-rich amine group donates an electrtimetcarbon atoms in graphene,
causing n-doping. In contrast, fluorine is a well-knowet®on acceptor. Thus, adding a
layer of PFES results in the transfer of an elecfrom the graphene creating p-type
film. The purpose of the silane group is to create angtpvalent bond to the oxide
dielectric support, such as SiQhereby anchoring the APTES and PFES; this induces
thermal stability of the modified interface and the domgdphene layer. X-ray
photoelectron spectroscopy (XPS) and micro-Raman sisecipy will be utilized to
confirm that the obtained graphene is defect-free aadthie dopant concentrations are
indeed modulated by the APTES concentration on the subs@s well as the
concentration of the adsorbed molecules and atmosptepants on the graphene.
Figure 5.1 shows a schematic of APTES and PFES thatinoamine and fluorine

functional groups, respectively.

5.2.1.2 Methods

To functionalize the substrate with SAMs, a highly p-dofedafer with a 300
nm thick thermally grown layer of silicon dioxide was uséHde reason for this is that a

similar substrate will be used for the fabricatiorbatk-gated graphene FET device.
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Figure 5.1. Schematic of APTES and PFES containing amine and flugroeps,

respectively.

For the APTES layer deposition, the substrate wat diemned and pre-treated by UV
ozone for 15 min in order to produce a hydroxyl-terminated satkstknown to react
efficiently with silane-coupling agents such as APTES. édiately after cleaning, the
substrate was immersed in a 1%(v/v) solution of anhydrousneland APTES for three
hours. The substrate was removed from solution, s@ddar 15 min in pure toluene,
and dried under flowing nitrogen or argon. For PFES depasiinother device was used
with a similar procedure. The only difference is that titeatment was performed for one
hour with 10 microliters of PFES dissolved in 10 mlabtiene 1 %(v/v). The deposition
of the SAMs was confirmed by contact angle measuremasirsg a VCA 2000
goniometry system similar to the one explained in Chightd@he APTES coated surface
had a measured contact angle with deionized (DI) water@3° [165] as compared to
<10° contact angle measured immediately after the Uvnezcleaning treatment,

indicative of coupling of the APTES monolayer to thefate.
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Figure 5.2. Schematic of (Left) APTES treated (Right) PFESteda5iQ substrate on

highly doped Si for graphene FET device applications.

The measured contact angle for the PFES-treated atghsiras c.a. 110°,
indicative of a hydrophobic surface. Finally, CVD grown gexghwas transferred on top
of the pre-treated substrates containing SAMs (APTES&Sp using a method similar
to that explained in Chapter 3. In addition to SAMs &datubstrates, control samples
were also fabricated, consisting of CVD graphene tearesi onto the cleaned SIO
coated silicon substrate. These control samples wutdized for collection of reference
XPS and Raman spectra. Figure 5.2 shows a schematichighly p-doped Si/Si®
functionalized with APTES and PFES.
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5.2.1.3 Verification of SAMs contain silane group onghéstrate

X-ray photoelectron spectroscopy was employed to tiigerthe surface
functionalization present on graphene, graphene orAHIEES treated substrate, and
graphene on the PFES treated substrate, using a methdar sonthat explained in

Chapter 3.

Figure 5.3. Survey XPS spectra for graphene (black), graphene/PF&d @and
graphene/APTES (green).

XPS data were acquired using a Thermo K-Alpha XPS (Theriewtific)
operating under ultra-high vacuum conditions with an Al Kmicro-focused
monochromator. The survey scan spectra were collectéw dtinding energy (B.E.) of
0-1300 eV, with a step size of 1 eV and a spot size of 400Figure 5.3 shows survey
scan spectra randomly collected from as-transferred gnaphfunctionalized with
APTES, and with PFES. The scan showed the most protmieaks to be Cls and Ols
on all spectra. The appearance of a N1s peak cente88d alv and a F1s peak centered

at 689 eV in the survey spectra confirms the presencd”dES and PFES underneath
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the graphene, respectively. Lack of these peaks considdategtion limit of F 1s
(0.025%) and N 1s (0.06%) in XPS in the graphene without SAMgsports the
conclusion that the APTES and PFES SAMs were suadisdeposited onto the SO

substrate.

Graphene
Graphene+APTES
e Free-amine fit

Protonated amine fit
= it envelope

Intensity (au)

410 408 406 404 402 400 398 396 394 392
Bidding Energy (eV)

Figure 5.4.XPS spectra representing N 1s binding energy for grap&@g(black) and
graphene /[SAM§&ed).

The N1s high resolution spectrum (see Figure 5.4) for megiontaining APTES
can be deconvoluted and fit with two peaks centered at 4q@epxesenting 77% of the
total N1s peak area) and 401.9 eV (representing 23% of the\tbégbeak area), which
can be assigned to free amine (\NEnd either a protonated (-NBlor hydrogen bonded
amine, respectively [166-167]. The small amount of the nitrogeS signal assigned to

the peak at 401.9 eV is likely due to protonated amine thattsesom the graphene
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transfer process (e.g. from exposure to acid). Accordiny/6i peak intesity, surface
coverage of APTES is ~ 95% with ~ 80% of the surfacereoveith free amine and the

rest with protonated amine.

Figure 5.5.C 1s core level XPS spectra for graphene (black), greph€ES (red) and

graphene/APTES (green).

High resolution XPS spectra of the Cls binding energy &also acquired over
282-293 eV with a step size of 0.1 eV. Figure 5.5 shows theicakshifts in the high
resolution C1s spectra for graphene (black), APTES (da&,bhnd PFES (light blue) on
bare SiQ as well as graphene on APTES (green) and PFES (ead@dr SiQ substrates.
We observe that for the APTES control sample thepg@ak maximum is found to be at a

binding energy of 285.3eV. The shift in the Cls peak bindingggriarthe case of the
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APTES layer away from that for simple hydrocarbors. @imple hydrocarbon Cls peak
locations are approximately 284.5 eV is attributed to tlaeidhve effect of nitrogen
atoms present in the APTES layer [168] and is in accatfd pveviously reported data
[169]. The Cls peak location for graphene on the oxide sudaatea binding energy of
284.5 eV and is typical of graphene measurements. The Giks ipethe graphene
samples deposited onto the APTES coated oxide films (@regpAPTES) is observed to
reach its maximum at a binding energy of 285.1 eV, and appeamply be the result
of the superposition of the graphene and APTES Cls XPS8trapelverall, the
appearance of a shoulder and a shift in the C1s peak positionctionalized graphene

also verified the presence of APTES and PFES on trstrat.

5.2.1.4 Doping verification using In-situ Raman spectra

As explained in Chapter 3, environmentally-induced water vamor oxygen
bound to the graphene are electron acceptors [82] thataplaynportant role in the
unintentional p-doping of graphene films. This unintentiat@ding of the graphene had
to be removed in order to fully reveal the effects lu¢d tAPTES and PFES on the
graphene. To remove this unintentional doping effea, slimples were heat treated
under vacuum or inert atmosphere to unmask the intentlopahg effects of the APTES
and the PFES underlying layer [89]. To this end, the saanwére heated up to 200°C
under nitrogen atmosphere between 5 and 180 minutes. In-sitanRgractroscopy was
utilized to investigate the quality of the graphene andafsng state by examining the D,
G, and 2D bands and their positions. All spectra wergegkwith visible (532 nm) laser
light and collected in the backscattering configuratiotin\& laser power below 0.5 mW
to avoid laser-induced heating [89]. A 50X objective lens wsed to focus the laser on

the graphene samples during the Raman measurementanpkes were placed inside
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an environmentally controlled microscope stage with hgattacuum, and gas delivery
capability (Linkam TS 1500) for in-situ Raman measuremeifts.smple was heated up
to 200°C under nitrogen atmosphere and held between 5-180 miovwd@l desorption
of atmospheric p-dopants bonded to the sample. Ramarures@ts were performed
before and after the vacuum annealing step. Figure 5.6da)jsshe Raman spectra of as
transferred, APTES treated, and PFES treated graphiéee 3 hours of vacuum
annealing at 200°C. The difference in the G and 2D peak wpdgition, and intensity
ratio for each sample is indicative of various dopingestaA critical observation is that
no increase on the D band was observed during any of riheabng steps; hence
successful doping of the graphene monolayer without fignt damage to the lattice
structure was achieved [19, 169]. Monitoring of the G peak paoswibh increase in
heating time, its full width at half maximum FWHM(&nd intensity ratio of 2D over G
peak (bp/lg) reveal the changes in electronic state of various deviceecrease in the G
peak position of as-transferred graphene was observedafiealing for only 5 minutes.
Further annealing resulted in a greater decrease in the psigikmdeading to 1588 ctn
after 3 hours of annealing. This indicates the de-doping psacduced by the removal
of the environmentally induced dopants through annealing [151].in&rease in
FWHM(G) from 17 to 23 andab/lc from 1.685 to 1.7 confirms the removal of
atmospheric p-dopant, leading to de-doped graphene after 3dfcheat treatment. The
G peak position of as-transferred graphene functionaliziell APTES was 1590 cfn
and FWHM (G) was 14 cth FWHM(G) and }p/ls values for graphene functionalized

with APTES are lower than the corresponding valueggfaphene and this is indicative
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of a reduction in p-doping state. The change inGhgeak position is due to competing

effects between n-doping induced by APTES and prdplpy water vapor and oxygen.

Figure 5.6. (a) Raman spectra of graphene (black), grapherid&P (green), and
graphene/PFES (red) after annealing at’@0@nder nitrogen atmosphere for 3 hours. (b)
G peaks position (c) FWHM (G) (d)dc as a function of annealing time under nitrogen

atmosphere for graphene (black), graphene/APTER(Yr and graphene/PFES (red).

Similar to as-transferred graphene, heat treatfioerd minutes resulted in the removal of
p-dopants, leading to a decrease in G peak positem to 1585.5 cih and an increase
in FWHM (G) to 21 andzb/l to 2.65. These values are similar to those meddurele-

doped graphene. However, further heat treatmeanttegesin the removal of additional p-
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dopants, causing the n-doping effect to become dominEms led to an increase in the
G peak position to 1586.5 ¢mand a decrease in FWHNB)(to 20 and 4o/l to 2.3,
which is in accord with observed Raman characteriftica-doped graphene.

The trend in Raman characteristics for PFES functiedlgraphene is similar to
that obtained with as-transferred graphene. A heavilygedaharacteristic before heat
treatment is due to the presence of both PFES and atmosgdeants from water vapor
and oxygen. However, removal of atmospheric dopants by tiheatment for 3 hours
results in lowering the p-doping level in the graphene with cn' decrease in the G
peak position, 6 cthincrease in FWHM (G), and 0.7 increaselk. The shift in the
position of the G peak is indicative of induced doping by SANMthout a change in the

structure of graphene.

5.2.1.5 Graphene FET device using SAMs contain silane group

To further demonstrate the n-type and p-type charaatsrisiduced by APTES
and PFES respectively in graphene, back-gated FET deviacesfawicated on SAM
treated Si@highly doped Si as shown in Figure 5.2. Back-gated CVD graphelde f
effect transistors were fabricated using standard lidqagr and metallization techniques
in conjunction with a solution-based self-assembled hageo coating technique and a
solution based transfer of CVD grown graphene. Anotbeiotdevices was fabricated
without SAMs as control devices. Transport in the APTESH PFES-treated graphene
devices as well as the devices without SAMs was measured asiprobe station
equipped with an HP 4156 semiconductor parameter analyzer undeitrogen
atmosphere. The measurements were performed, on as-mecksdd again after heat

treatment in the inert atmosphere, to verify the derdp through removal of
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atmospheric dopants and n- and p-doping through APTES and Riedfications.
Figure 5.8 and Figure 5.9 show the schematic of de-doping by ttesment and
unmasking the n- and p- doping effect induced by APTES and RE§&ctively. All as-
made devices demonstrated p-type characteristics, due tothinant p-doping effect
caused by unintentional p-dopants from air exposure. A grathecakase in the charge
neutrality point was observed in the device without SAMsdification, due to heat
treatment up to 200°C under the nitrogen atmosphere. AfteyuBs of annealing, the

charge neutrality was around zero volts, indicativdestioped graphene.

Figure 5.7.Schematic of back-gated APTES and PFES-treated devices.

For the APTES treated device, n-doping characterigt&@® observed with the
charge neutrality point (CNP) stably forming at c.a. -20t€r&8 hours of heat treatment
at 200°C (see Figure 5.10). On the other hand, for the P& ed device, p-type
behavior was observed with the charge neutrality pdattilizing at c.a. 22 V after 3

hours of annealing at the same environment (see Figure 5.11)
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Figure 5.8. Schematic of atmospheric p-dopants removal shows unngaskin-doped

graphene FET device induced by APTES.

Several APTES and PFES-treated devices were fabricatet,similar results were
obtained for each set of devices. Unlike the sampleowit& AMs, intentional doping by
APTES and PFES was shown to be thermally stabléeher® was no change in the
neutrality point after removal of the atmospheric dépawia thermal annealing in
nitrogen. The electron and hole concentration of th& 2% and PFES-treated graphene
after annealing was approximately 2X4@m? for both devices. These values were
calculated using a method similar to that explained inp€nad using the equation, n =
CyVnele [90, 139], where £= 115 aF/nv, [139] e is the charge of the electron ang V

is the voltage at the charge neutrality point.

119



Figure 5.9.Schematic of atmospheric p-dopants removal shows wimgasf p-doped

graphene FET device induced by PFES.

Both electron and hole field-effect mobilities foetAPTES and PFES-treated
graphene after annealing were approximately 21%\srand 412 cAiVs, respectively.
The electron and hole mobilities for graphene devicebout SAMs are of the same
order of magnitude. These values are extracted using st@nate =L cim/WenV pisCy,
where L= 2000Mm, gn=dlp/dVgs, Wer= 50mm |, Vpis= .1V and Cg=115 aFm2, [89]
indicating that the SAMs has no effect on the mobit graphene devices [117, 162,
170]. The slight difference in the mobility and the mom current of APTES and
PFES-treated devices can be due to the differences itrahsferred graphene that

originate in varying grain size or in the transfer preagsCVD graphene.
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Figure 5.10. Source-drain current versus gate voltage for wffe device heating times
at 200°C for simple graphene FET devices fabricatethg an APTES coated gate

dielectric.

Figure 5.11. Source-drain current versus gate voltage for wiffe device heating times

at 200°C for simple graphene FET devices fabricasdg a PFES coated gate dielectric.
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Figure 5.12. Source-drain current versus gate voltage for whffe device heating times

at 200°C for simple graphene FET devices fabricatadg a simple Si©gate dielectric.

It is noteworthy that further annealing for up®aays did not cause a change in
the neutrality point. This is in contrast with thieserved n-type characteristic of graphene
due to annealing in a nitrogen atmosphere, as wensaevidence of n-type doping in
these samples [171]. In addition to using thistegw of depositing the amine layer to
introduce controlled modulation of the doping pleiin the device channel, it is also of
course possible to modulate the amount of free amimthe substrate by changing the
time or solution concentration conditions used épakit the amine. This modulation of
the amount of APTES on the dielectric surface catmin be used to modulate the doping

level in the devices.
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Figure 5.13. Shows source-drain current versus gate voltage as @idmnof heat
treatment and pump down time; this indicates no significhahge in the neutrality point

even after 7 days without having SAMs.

To demonstrate this, the APTES deposition time wageddretween 1 and 7
hours for devices made with the unpatterend APTES layeermg the entire device
channel. Figure 5.14 shows the carrier concentration nezhsurthe graphene devices
along with the nitrogen to silicon ratio (N/Si) obtadnley XPS in each of these samples

as a function of APTES deposition time.
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Figure 5.14. Dopant concentration and Nitrogen/silicon (N/Si) aatiersus APTES

deposition time.

Clearly the carrier concentration is observed tdescaughly with APTES deposition
time over the range of APTES deposition times measur€he would expect this
behavior to saturate at some point once a suffigiesighse and thick enough APTES
layer is formed such that no further electronic influennehe graphene film is observed
by further deposition of APTES. Carrier concentrationexcess of 4.5x16 cm? were
observed in the devices measured, corresponding to a GalRye above -60 V (see

Figure 5.15).
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Figure 5.15. Drain-source current versus gate voltage as functiodifterent APTES

treatment times.

5.2.2. Interface modification using phosphonic acids (PASs)

5.2.2.1. Introduction

A variety of applications of SAMs to electronic deschave been investigated
[172-173]. Of particular interest among their findings istttfze dipoles of SAMs
molecules change the Schottky barriers between matalsorganic semiconductors
[174-175]. The dipole alignment of the SAM molecules is thoaglproduce a built-in
electric field and thereby modify the carrier [110, 112]bKygashi et al. demonstrated

that by changing the SAMs molecules, the channel catgasity in the organic field-
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effect transistors can be controlled by effects oflecar dipoles and weak charge
transfer. In this section, we attempt to utilize phaspt acids (PAs) with a different
dipole alignment as interface layer between graphedelan substrate to modulate the
work function of the film. The existence of a largpale in the phosphonic acids (PAs)
should result in a p- and n- type graphene FET. 2,6-difl@mdphosphonic acid
(oF2BPA) and 4-trifluoromethylbenzylphosphonic acid (pCF3BPA&yenused for this
purpose. The fluorination pattern is a key in the expedigale effect on the substrate.
Both pCF3BPA and oF2BPA have fluorine as electronegafioeips that result in an
overall charge on the phosphonic acids. The fluorinegga@re away from the substrate
in pPCF3BPA,; this creates a positive charge close touhstsate and a negative charge
away from the substrate. Therefore, it will be haodirtject the electrons from the
substrate. However, in oF2BPA fluorine groups are closthé¢ surface and result in
negative charge on the surface, leading to an easiertiameof electrons off the
substrate. Figure 5.21 shows the schematic of various Pfks different dipole

alignments.

5.2.2.2. Methods

Treatment of the surface with PAs was performed inshida similar to the
methods explained in the literature [176]. Briefly, 1.0 mMdgFhonic acid solution was
prepared freshly in ethanol, and stored in amber bottlessiibstrates were immersed in
the solutions at room temperature. After couple of holnes,semples were removed,
immediately rinsed with ethanol and were then sonic&tedl0 min in triethylamine
5%v/v in ethanol. Then, samples were rinsed with ethand blown dry with nitrogen as
the last step. The process of functionalizing the sulestdh PAs was characterized

with XPS similar to the method explained earlier intisec5.2.1.3.
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Figure 5.16. Schematic of (Left) 4-trifluoromethylbenzylphosphonicda@gpCF3BPA)
phosphonic acids (PAs) with fluorine orientation looking apd (Right) 2,6-

difluorobenzylphosphonic acid (0F2BPA) with fluorineesriation looking down.

Similar to APTES and PFES treatment, a graphene-bassdgated FET device
was fabricated to test for a p- and n-type behavior. UAREES and PFES, AD; was
used as a dielectric for back-gated FET device. This isusecBAs bond better to the
phosphonic acids (PAs). To this end, highly doped Si wafercowated with 2 nm thick
layer of Aluminum using E-Beam evaporation at vacuum pressiut0® Torr. This thin
layer of Al oxidized upon exposure to air, which enhanceslibgrsites on the substrate
for improved quality of AlIO; deposition using Atomic Layer Deposition (ALD) tool.
The Cambridge Fiji Plasma Thermal ALD system was usedhis purpose to deposit
pin-hole free films in ultra-high aspect ratio featurEilm thickness was c.a. 200 nm and
deposition was performed at 250°C. Figure 5.17 shows a stihemhdhe back-gated
FET device functionalized with PAs, where a 200 nm thigledaf ALO; was used as

the gate dielectric.
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Figure 5.17. Schematic of a back-gated graphene FET device functiedaliy (Left)
oRBPA and (Right) pCEBPA before transfer of CVD graphene.

5.2.2.3. Verification of PAs on the substrate

To verify the presence of phosphonic acids on the sibsiX-ray photoelectron
spectroscopy (XPS) was utilized. XPS data were acquiiag asspectrophotometer (VG
Scientific ESCALAB 210) with an AlKa X-ray source ku=148668eV). The
measurements were examined on multiple spots on eacplesaXPS measurements
were conducted on a bare @ substrate that had been taken through the graphene
transfer process and on 8k substrates that were treated with RBHFFA and OEBPA.
The survey scan spectra were collected over the bindieige (B.E.) range of 0-750 eV
with a step size of 1 eV at a pass energy of 200 eVaaspbt size of 400 um. Figure
5.18 shows survey scan spectra of the PAs treat€ds Albstrate. The major peaks are
corresponding to Cls and Ol1s that are indicative of gragphnd oxide substrate. A clear
presence of F 1s peak on BPA and PCEBPA is indicative of successful treatment

with these groups.
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Figure 5.18.XPS survey spectra that show the presence of F lsathvéi of successful

treatment with OFBPA and PCEBPA.

Core level spectra were acquired to further analyzews chemical groups on
the substrate. Figure 5.19 (Top) shows a core level Cksgoeaired on bare ADs;, and
oFRBPA and pCEBPA treated AlOs. The appearance of a shoulder in the Cls peak for
core oEBPA and for pCEBPA treated AlOs is indicative of the presence of fluorine on
the substrate. Comparison of the core level F1& peaoF,BPA and pCEBPA treated

Al;0O5 with bare A}O3 confirm the presence of fluorine on the functionalizabstrates.
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Figure 5.19.Core level (Top) C 1s spectra and (Bottom) F 1s spectyairad on bare
Al,O3, and oEBPA and pCEBPA treated AlOs.
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5.2.2.4. Electrical data measurements on back-gated Fefidnalized with PAs

To understand the effect of surface treatment with pgiwsp acids on the
electronic properties of graphene, back-gated field effemtsistors devices were
fabricated as explained in section 5.2.2.2. Figure 5.17 slaoashematic of these
devices. Electrical measurements were performed sinoldsack-gated devices with
SiO, as gate dielectric. Figure 5.20 shows source-drain cwsegate voltage graphene,
graphene/ofBPA, and graphene/pGBPA FET. All devices are significantly p-doped
before annealing, due to the presence of atmospheric dgsaatplained in Chapter 4.
After annealing at 200°C for 12 hours, the Dirac point ferghaphene device had gone
to almost zero. This is indicative of p-dopant remoualsannealing as explained in
Chapter 4. However, unlike devices with $#3 gate dielectric, ADs; devices require an
excess amount of annealing for atmospheric dopant remtva believed that the
bonding mechanism/adsorption nature of atmospheric doparg} might be different

than AbOs.

Figure 5.20.Source-drain current versus gate voltage heated at 200°12 fhours as a

function of gate voltage for graphene, graphendB®A, and graphene/pGBPA FET.
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As expected, the Dirac point for the graphengB#A sample was around -5 V
and that for a sample of graphene/pBIFA was around 5 V. This is indicative of n- and
p- doping induced by eBPA and pCEBPA on graphene film. The enhanced shift in
APTES and PFES treated devices is partially due to leleatric capacitance in SO
compared to ADs. In addition, oEBPA and pCEBPA are monolayers, in contrast to

APTES and PFES, which contain multi layers of thdsenucals.

5.3. Graphene p-n junction using SAMs

5.3.1. Introduction

Most graphene junctions to date have been fabricated usiltiple electrostatic
gates, [122] electrical stress-induced doping, [125, 177] cherteatment by gas
exposure, [126] chemical modifications on top of the graph¢?7, 171, 178] and
modification of the substrate by changing the locattedstatic potential in the vicinity
of one of the contacts [34]. However, current methiodselectrostatic gating require a
number of fabrication steps that may not be easdyabde to industrial levels, and that
are usually expensive. In addition, chemical doping on tograyphene can degrade the
carrier mobility in the device by introducing defects angbunities in the graphene. In
addition, physisorbed dopant molecules are not stable amd dasorb, resulting in
changes in the electronic properties of the graphene.

In this section, we utilize the approach explaineddatien 5.3.1 to pattern a
graphene FET channel containing a thin layer of SAMs lected regions for formation
of p-n junctions. Section 5.3.2 will utilize APTES as rpdot and PFES as p-dopant,
while section 5.3.3 will utilize APTES as n-dopant withrimsically p-doped CVD

graphene.
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5.3.2. P-N junction through intentionally n- and p-doped grapkene

As explained earlier in this chapter, interface modifan with APTES and PFES
can result in formation of n- and p- type graphene FBicds. A graphene p-n junction
will be obtained by patterning both modifiers on the saleéctric and will be verified
through the creation of a field effect transistor ([FETharacteristic 1-V curves will be
utilized to indicate the superposition of two separate dpaints, which confirms an
energy separation of neutrality points within the comgletary regions. This method
will minimize doping-induced defects and will result in tinatly stable graphene p-n

junctions for temperatures up to 200°C.

5.3.2.1 Fabrication method

The fabrication of the graphene p-n junction is sadigcally illustrated in Figure
5.21. First, the source and drain contacts (gold 50 nm thieke wdefined using
conventional electron-beam lithography and lift-off geses on a highly p-doped Si
substrate with a 300 nm thick SiQayer to create back gated field effect transistor
structures, using a method similar to that explained iticseb.2. The resulting channel
size is 50 um by 1 mm. APTES was deposited on half othh@nel using the solution
processing sequence described in section 5.2. Next, hak channel in the FET device
was patterned with photoresist. After development, dtieer half of the channel was
treated with UV-Ozone for 15 minutes to remove the expodedEAS and produce a
hydroxyl-terminated surface. PFES treatment of the oth#r dfathe channel was
performed using the solution processing sequence describedtionse?. Finally, the
resist was removed to expose the APTES coated regmontprtransfer of graphene on

top of the SAMs coated SjO
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Figure 5.21.Schematic of the graphene p-n junction fabricatiopsstesing APTES and
PFES.

5.3.2.2 Characterization

Contact angle measurements and X-ray photoelectfmectroscopy were
performed on both the APTES and the PFES-treated sidd#® channel, and results
similar to those explained in section 5.2 were obtaifed.ensure the presence and
formation of the patterned SAMs on the channel, XP8pimg was utilized [see Figure
5.22]. XPS mapping was performed using a 30 micron spot sizeawnstbp size of 28
microns, and a Gaussian smoothing algorithm (Thermat#oig was applied to the raw

data.

Figure 5.22.(Left) N1s binding energy centered at 400.1 eV and (Middle)hiiding
energy centered at 689.3 eV. (Right) C1s binding energgmezhat 285.3 eV.
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Figure 5.22 (Right) shows the intensity of the N1s maih wiwell-defined boundary
that indicates the presence of amine only on half @fctrannel. Similarly, the F1s map
indicates the presence of fluorine in the other hathefchannel. For the core level Cls

mapping, a binding energy centered at 285 eV was selected.

5.3.2.3 Electrical data measurements

Electrical data measurements were performed on faedcpin junctions in a
nitrogen atmosphere using a method similar to that explagaetier. As-fabricated

devices indicated p-type characteristics due to excessrdambatmospheric dopants.

Figure 5.23. Drain-source current versus gate voltage for a graphengupeation
measured after different annealing time. Both APES ardSPWwere used for surface

modification.
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After annealing at 200°C for 5 minutes a shift in the chargdraiy point to lower
values was observed that indicated removal of atmosgptlepants. Further annealing
provided control of the position of the junction unkietneutrality point for the p- side of
the channel was reached. When the annealing time increa8duburs, two Dirac points
(peaks) were seen in the I-V curve: one located\at2/20 V and the other aty\y¥ = 5

V. Figure 5.23 shows an |-V characteristic curve of theade showing the superposition
of these two separate Dirac points, which indicategrargy separation of neutrality
points within the complementary regions. Annealing oveitnigbulted in a sharp p-n
junction behavior with two neutrality points located\dtP = 10 V and VNP = -18 V.
The amount of free amine and fluorine available orsthestrate can be tuned by varying
the APTES and PFES deposition time to fully contra@ thansport behavior of the

fabricated p-n junction.

5.3.3. p-n junction with intentionally n-doped and intrindcally p-doped graphene

In the process presented in this section, intrinsigaitioped CVD graphene that
is obtained as a result of the particular transfer gggcas explained in Chapter 4, [179]
and that is utilized to deposit graphene onto the FET deyioevides the basis for the
opposite doping required to form a p-n junction in combimatoth the use of the
APTES layers. Upon heating the fabricated device undeinart atmosphere, the
intrinsically p-doped graphene is de-doped in a controllable enargsulting in a dopant

concentration profile that leads to formation of a jpsction.

5.3.3.1 Fabrication method

Back-gated graphene-based p-n junctions with patterned giansein the FET
channel were fabricated and measured following the samsie peocess described in
section 5.3.2. The difference here is that only onedfalfie channel was modified with

APTES.
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Figure 5.24 illustrates the fabrication steps involved ikingathe patterned p-n
junctions in the FET channel devices using this method. i@emsg the similarity
between this fabrication process and the one describateimprevious section, we
mention the important fabrication steps for the tJapurpose. The lithography and
deposition processes (i.e. typical lift-off proceduregrevused to form the gold
electrodes on the 300 nm thick SiQate dielectric films on highly p-doped silicon
wafers. Then, half of each of the channels in the [ElEVices were patterned with
photoresist and hard baked. The device samples were #gaedwith APTES using the
same solution processing sequence described earlier to d&PO&S in the half of each
device channel that was not protected by hard-baked photofBsestphotoresist was
removed by placing the devices in N-methylpyrrolidone (NM#®)1f hour, followed by
further sonication in acetone and inspection by opticatae@py to ensure removal of

all photoresist.

Figure 5.24.Schematic showing the process used to fabricate tipbema p-n junction

using only APTES without PFES modification.

5.3.3.2 Characterization

As was done in section 5.3.2, contact angle measutsraed XPS were utilized
to ensure the presence of APTES in one half of tlaardl and of intrinsically p-doped
graphene on the other half. The resulting patterned AHa¥3s were verified by XPS
mapping, as illustrated in Figure 5.25. XPS mapping was perfousiad a 30rm spot
size with a step size of 28n, and a Gaussian smoothing algorithm was applied to the

raw data similar to the one explained in section 5.3.2h2.sIgnal associated with 399.5
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eV binding energy was used for mapping the N1s spectra. Fig2seshows a well
defined boundary between areas of the substrate coatethe/ikPTES layer and those

without.

Figure 5.25. XPS mapping of the graphene p-n junction using APTES andsidaily
p-doped graphene for the (Left) Cls intensity at a bindiegggmof ~ 285 eV (Right) N

1s intensity at a binding energy of 399.9 eV.

Further analysis of the position of these boundaritls respect to the location
and intensity of those peaks in the XPS that originateu fitee gold source and drain
contacts confirms that the lithographic alignment walicsent to locate these p-n
junctions in the FET channels. C1s mapping using a bindingementered at 285 eV
was also performed. Again, a well defined boundary wa®reed in the patterned
APTES samples, with the strongest C1s signal correspgrio regions containing the
strongest N1s signal as well, consistent with then&dion of a well defined patterned

APTES layer.

5.3.3.3 Electrical data measurements

Electrical measurements were performed on the fabddaVvD graphene devices
that contained the patterned APTES layers in the desheanels; the devices were
probed under inert atmosphere using a method similar toeth@ained earlier. As

expected, as-made devices exhibited a heavily doped p-typectehstae, due
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presumably to doping from adsorbed species. The two expegateshic minima region
for the devices in the as-made state are located atisnffy large positive gate
potentials that they are difficult to measure withoyiexiencing breakdown of the device
dielectric.

After annealing the devices at 200°C for only 5 min, two ménin the 1-V curve
were clearly observed, corresponding to two Dirac poist® eesult of desorption of p-

dopants.

Figure 5.26. Source-drain current versus gate voltage as a funofidgreating times at

200°C for a graphene p-n junction using APTES and intrifgipadloped film.

For Vy larger than approximately +35 V in this device, the devianoél is effectively
in an N/N+ doping configuration where both regions of¢hannel are p-doped, but the
region of the channel that does not contain the AP a& lis more heavily p-doped. For

Vg in the range of approximately 0 V to +35 V, the formatdra p-n junction in the
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device channel occurs. Fog\éss than 0 V, the device channel exists in a p+/p doping
configuration where the regions of the channel containmegAPTES layer are more
heavily n-doped. After 30 min of annealing at 200°C, the devie@mel is N/N+ doped
for Vg larger than +15 V, p-n doped for Vg between -10 V and +38d p/p+ doped for
Vg less than -10V. The nice feature of the devices anndated0 min is that they
behave roughly symmetrically in terms of the electricgdponse around Vg=0 V.
Further annealing leads to additional shifts of the Vg ramge which a p-n junction
doping profile exists in the device channel to more neg&tivdt is also possible during
these measurements to demonstrate the unique ambipolactehaof the devices.
Switching of the source-drain bias voltage from positivenégative values shows no

rectifying behavior, as would be characteristic of an amiptevice [128, 161].

5.4 Conclusion

This ability to control the n-doping characteristicstbé device surface, i.e.
through modulation of the density of APTES deposited (&ygcontrolling deposition
time or solution concentration) on the gate dielectan be easily combined with the
patterned p-n junction fabrication techniques to allowffill control of the position of
the charge neutrality points in the |-V characteristitshe resulting FET devices. This
unique p-n junction behavior of graphene, in contrast withttaditional rectifying
behavior of conventional semiconductors, allows the ldpment of graphene-based
bipolar devices. Our simple method for producing patterned dqpufiles in graphene
films and devices facilitates the study of such phenonsneg it allows very fine and
independent control over the characteristics of the FKTcurves as compared to the
more limited control possible with electrostatic sulitgtrengineering, [161] and other

fabrication techniques [126, 171, 178, 180-181].
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In summary, this chapter has shown that it is possiblgilize APTES layers to
n-dope graphene, to control the resulting doping level inhgrag FET devices through
control of the amount of APTES deposited onto the Ffale dielectric surface, to
produce FET devices with patterned p- and n-doped regionsigtinréthographic
patterning of such APTES layers, and to use the combinaticcontrol of APTES
deposition and patterning to tune the I-V characteristicgaphene FET devices. It has
also been shown that use of such APTES doping scheraesndb degrade the resulting
graphene electronic properties as has been problematiewopsly reported doping
procedures, due to introduction of defects into the graplagee. | Overall, the methods
described here allow for facile, controllable, and lemperature fabrication of graphene
p-n junctions.

Furthermore, APTES and PFES were utilized simultangounsh single FET
device to induce n- and p-type characteristics in graphéhewv altering its structure.
These SAMs bond to the substrate and are thermaliestBormation of two separate
Dirac points in the I-V characteristic curve is irative of a graphene p-n junction.
Variation in the duration of fictionalizing graphene witiese SAMs and heat treatment

period results in p-n junctions with controlled positaomd height.
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CHAPTER 6
TRANSFER-FREE SYNTHESIS OF GRAPHENE ON DIELECTRIC

SUBSTRATES

6.1. Introduction

As described in detail in Chapter 2, the deposition or sygistied large-area, high
qguality graphene [2, 53] is important for developing electrarptoelectronic, and sensor
technologies. To this end, several techniques have bmerloged, including epitaxial
growth from expensive single crystal SiC to yield high dqualraphene films, [23, 55,
58] chemical reduction of solution deposited graphite oxide (G2, 60-63] liquid
phase exfoliation and solution deposition of graphite, [24,586,and chemical vapor
deposition (CVD) on transition metals followed by trangP8-30, 39, 71]. Among these,
CVD is the most viable for fabricating large area graph&meets with high quality, [29,
71] with the key feature of this method being the solubditgarbon in transition metals
such as nickel at the typical synthesis temperature &gghgne (900-1000°C) [28, 30].
CVD graphene has been explored extensively whereotlrees of carbon atoms can be a
hydrocarbon gas, [28-30, 39, 71] or it can be supplied by thargexsition of a carbon
containing solid [74, 182] such as a polymer, [78-79, 183] diamond, [¢5][15] or
HOPG [77] in contact with the transitional metal tgafilm. These methods have been
explained in detail in Chapter 2.

However, using these methods, a graphene film musabsférred onto a second
substrate after synthesis, because the metal layerfarsgcbwth is not compatible with

device fabrication or operation [80]. In practice, itifficult to transfer a pristine sheet
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of large area graphene without leaving significant wrinklgscks, and voids. Such
defect sites reduce charge transport and negatively impactgtaphene electrical
conductivity. Figure 6.1 shows AFM, SEM, and optical imagédransferred CVD

graphene where damage has been introduced to the filmtiratiséer process.

Figure 6.1.Different images showing the presence of cracks, vaia$,contamination in
transferred CVD graphene when care was not taken duvegdnsfer. (Top left) AFM
image (Top right) SEM image of transferred graphene widitks. (Bottom) Optical

image with contamination.

The goal of this chapter is to develop a process forsfeafree, large scale

synthesis of graphene on dielectric substrates. Teafrgfe synthesis is important as
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most of transistor technology uses complementary lrogtde semiconductor (CMOS)
in which an oxide layer insulates the transistor gate frieenchannel. In addition, the
possibility to pattern solid carbon source or thin filmtafge enables direct synthesis of
patterned graphene on dielectric substrates. mateffatthermore, well-organized and
thin aromatic layers can be utilized as solid carlmuree for low temperature synthesis
since there is no need for high temperature to breakichebonds in order to provide
the carbon required for graphene synthesis. To this erid, carbon source will be
utilized to develop large area films. Then, trace canbssolved in metals will be used

through a segregation process to form graphene layers [184].

6.2. Synthesis of graphene using solid carbon source

6.2.1. Introduction

Direct synthesis of graphene on dielectric substrtesugh surface catalytic
decomposition of hydrocarbon precursors on thin copper filas been previously
demonstrated and does not require a transfer step [81]. ldowkis method resulted in
the partial coverage of the surface with graphene. Xbension of this approach to
include solid carbon sources can lead to a scalable m&thddl coverage or patterned
graphene on dielectric substrates. In this sectiorgpgmoach will be given to fabricate
large area graphene directly on dielectric substiayessing solid carbon sources and
without a need for transfer process. The carbon soulro8|(methyl methacrylate)
(PMMA), was deposited on Cu-coated dielectric substratefadiitate the graphene
synthesis. During graphene growth, the sacrificial coppetiaparevaporated away
similar to the method explained in [81] leaving graphenthersubstrate. A wet etch step

removed the residual Cu leaving a continuous coverage of geaprethe dielectric
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surfaces. In the next sections, we will analyze hoswgn parameters affect graphene

quality.

6.2.2. Methods

Copper films 300 nm thick were evaporated on a dielecthstsate using E-
beam evaporation. The dielectric substrates (35 mm logr@Bwere either silicon wafers
coated with 300 nm thick thermal oxide films (£i8)), quartz, AIN, or sapphire. The
solid carbon source used was PMMA (Sigma Aldrich=B50000). The PMMA was
dissolved in anisole (Sigma Aldrich) at 4 wt%, after abhit was spin-coated on the
copper at 3000 rpm for 1 minute yielding 100 nm thick polymer filhme PMMA was
cured at 180°C for 1 min on a hotplate and then annealedaouam oven at 70°C for 2
hours to remove solvents [78]. The sample was placed iasgleartz tube and pushed
into the hot zone of a growth furnace once the tenweraeached 900-1000°C. 1t is
important to note that earlier exposure of the santplé®t zone before the temperature
reaches to growth temperature will not results in ftiom of graphene. The growth
furnace is the same one that used for synthesis of GhMphene films described in
section 3.2 in Chapter 3.
The growth was performed under vacuum pressure in #@Ar Henvironment. The
synthesis time varied from one minute to more than amr.héirst, the sample was
outside of the hot area in the furnace. Once the ¢rdemperature was reached, the
guartz tube was inserted into the hot area, and it reméhneed during the growth time.
After growth, the sample was rapidly cooled to roomgerature under hydrogen and
argon gas flow prior to sample removal. Figure 6.2 shahematic of graphene growth

on a dielectric substrate using solid carbon sourcssllustrated, upon heating PMMA
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was dissolved and provided a carbon source to the growalysta Cu. Further heat
treatment, resulted in moving carbon atoms inside the Cpem2kng on the growth
temperature, Cu evaporated partially, leaving graphene bdtipaand underneath. After
synthesis, the graphene was characterized using micrasRapectroscopy, scanning

electron microscopy (SEM), XPS, and UV Vis spectrpgco

Figure 6.2. Schematic of graphene synthesis using solid carbon saurcagielectric

substrate.

6.2.3. Graphene synthesis on quartz
Figure 6.3 shows optical and scanning electron microscopgamof graphene

grown on quartz after 40 minutes of synthesis. Large regibgsaphene were found in
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direct contact with the quartz substrate, while resiciogdper covered ~60% of the
surface. Raman spectroscopy characterization of thehgmap was performed by
analyzing the intensities of the D, G, and 2D Raman pHaE®G]. The G-peak (~ 1585
cm?) is due to first-order Raman scattering by the doubly d=gém zone center optical
phonon mode, and the 2D-peak (2680-2700%)cris associated with second-order
scattering by zone-boundary phonons [38, 44-46]. In defegrephite, the D-peak
(1345-1350 crl) is due to first-order scattering by zone-boundary phandBsaphene
peaks have been explained in further details in Chapters 2. arite Raman fingerprint
for CVD graphene was confirmed by using the 2D- and G-peatesisity ratio (dp/lg)
[29, 38, 44-46] and the width of the 2D-peak [38, 44-46, 130]. The graphes
identified in all spectra measured on samples both ingg®ns with and without Cu;
this contrasts with reports from other projects thatlusgdrocarbon sources, in which
graphene was found only in metal-free areas [38, 44-46].Rdman spectra (Figure
6.3(b)) suggest that the sample consists of 1-3 graphenes IB8. Monolayer and
bilayer graphene was detected in metal-free areas anthyer graphene was primarily
found in regions with residual copper. The D-peak intengdg higher near the edge of
the sample, suggesting the presence of intrinsic deifedtse grains or of high density
graphene domains [45].

To obtain further insight into the nature of our filmRaman mapping was
performed. Figure 6.3(c) and (d) show a typical color maghefbp/lg intensity ratio
over a 15 m by 5 m region and over the full sample with a half maxim@iwHM) of
the 2D peak which ranges from 35 tilark color) to 55 cif(light color), respectively.

Overall, Raman mapping confirmed graphene coverage evemwhdahe sample.
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Figure 6.3. (a) Optical microscope image and (e) SEM image @fraphene sample
grown on quartz after 40 min. The images revealinbemplete removal of Cu through
evaporation during the growth process. (b) Ramagctsp from metal-free areas (red and
blue lines) and Cu regions (black line) showind éalverage of graphene on the sample.

Mapping of bp/lc and FWHM(2D) of the same area in (a), respectively

6.2.4. Graphene synthesis on S{O
Figure 6.4 shows an optical image of graphenei®a/Si and the representative
Raman spectra after 20 minutes of growth. Less i of surface area was still Cu.

Raman spectra again showed the presence of graphalheegions.
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Figure 6.4. (a) Optical microscope image of a graphene samgyae/n on SiQ/Si after
20 min of growth. The image shows graphene direatiythe SiQ surface as well as
residual copper with less than 15% surface coverggeRaman spectra from metal-free
regions (red and blue lines) and Cu regions (blae® show the presence of graphene

everywhere on the sample.

6.2.5. Substrate effect

Figure 6.5 shows the optical microscope imagethefgraphene directly grown
on SiQ, quartz, AIN, and sapphire. Representative Ranp&ttsa measured in metal-
free areas show prominent graphitic peaks forwdistgates [Figure 6.5(e)]. For the AIN
and sapphire substrates, a high intensity defeak @ad a low Jo/lg ratio indicate
oxidized or highly defective multi-layer grapherihe highest quality graphene was
synthesized on quartz and $SiGubstrates, which may be a result of the poteiftial

some oxides to graphitize carbon [16, 63].

149



Figure 6.5. (a-d) Optical microscope images of graphene samplesigoovquartz, Sig)
AIN, and sapphire, respectively. (e) Representative dagpectra from the metal-free

regions on each substrate showing the presence of grapaks.

6.2.6. Growth condition/evolution effect

6.2.6.1. Growth evolution on SiO2

We studied how process parameters affect graphene grawginantz and Sipby
varying growth time, growth pressure, and/At gas flow rate. Figure 6.6 shows the

evolution of growth on SiedSi substrates.

150



Figure 6.6.(a-f) Optical microscope images showing the residual coppeerage on
SiO,/Si substrates as a function of synthesis timelfér 3, 10, 20, 40, and 60 minutes,
respectively. (g) The dependence of the Raman spegifhs (@nd b/lg) collected from
samples shown in (a-f). The data suggests a maximum itayke thickness (highest
lop/lg ratio) and a minimum in the defects in the graphenegdw/Is ratio) after 20

minutes of growth.

Growth times as short as 90 seconds resulted inr@tf@val of copper [Figure
6.6 (a)] while Raman spectroscopy showed the presence mhitizapeaks indicating

graphene formation. Increasing the growth time to 180 siscoaused an increase in Cu
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removal with a residual coverage area of 60% [Figure 6]6 Fyther increase in the
synthesis time resulted in more Cu removal, leaving resigadicles of 1 pum in
diameter with 5% surface coverage after 1 hour of prawgss$iigure 6.6 (g) shows
Raman spectra from each sample in metal-free arels. idcreasing »b/lIg ratio

represents a decreasing number of graphene layers; atowof the D- and G-peaks
(Ip/lg) can be interpreted as a larger grain size or a hidggree of graphitization [45].
An optimum growth time of 20 minutes was determined basech mpiaimizing the

number of growth layers i/l =1.4), the level of defects{lc = 0.25), and the residual

copper coverage, which is held to less than 15%.

6.2.6.2. Growth evolution on guartz

In contrast to SiQ copper evaporation was less pronounced on the quartz
substrate [Figure 6.7]. The amount of Cu evaporation isetkafter 20 minutes of
growth time on quartz with approximately 50% residual Cu caeei&igure 6.7(c)].
Increasing the growth time to around 90 minutes resultedmosa 70% removal of
copper as shown in Figure 6.7 (f). Extended synthesis tim® @ hours) was not
effective in further removal of the residual Cu frone thuartz substrate. However, the
qguality of synthesized graphene decreased drasticallyamithcrease in growth time, as
seen previously. It is believed that this changes catubeo etching of the graphene by
H,/Ar and was identified by an increase in tb8d from 0.14 to 0.7 between 40 and 90
minutes of growth time [Figure 6.7 (g)]. The begtd ratio in the metal-free areas was ~
0.25 and ~ 0.6 in Cu regions for samples grown on &0OA reduction in these values
was seen for samples grown on quartz wjthslbeing ~0.14 in metal free areas and ~0.3

in Cu regions [compare Figure 6.7 (g) and Figure 6.7 (g)]..
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Figure 6.7. (a-f) Optical microscope images of the residual coppeerege on quartz
substrates after 1, 10, 20, 40, 60, and 90 minutes growthctespe (g) Raman spectra
collected from the samples in (a-f). The data suggestaximum in the layer thickness
(highest }p/lg ratio) and a minimum in the defects in the graphémeegst b/l ratio)

after 40 minutes of growth.
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This indicates improved quality in graphene synthesizeduamtz. At present it is not
clear if this is a result of the crystalline naturetlod quartz or if it is due to the lower

evaporation rate of the Cu films during synthesis

6.2.6.3. Effect of growth parameters

The extent of copper evaporation and the number of gnaplagers synthesized
also depended on the flow rate of hydrogen/argon and the maptessure inside the
quartz tube. Figure 6.8 shows the optical microscope imate synthesized graphene
on SiQ/Si for different H/Ar flow rates and growth pressuresy/lc and b/lg ratios
from metal-free regions are plotted as a functiorlgAr flow rate and growth pressure
[Figure 6.8 (g,h)]. As the Hflow rate increased from 3 sccm to 50 sccm, th#dratio
increased to more than 1.3 whilg/lt decreased to less than 0.25. This indicates a
decrease in the number of layers and an improvemeheiguality of the synthesized
graphene. Hydrogen helps to remove excess carbon in trecdjrieading to a lower
number of graphene layers. Further increase in thifol# rate up to 100 sccm resulted
in a slight decrease in thesllg ratio and an increase in thg/li ratio up to 0.8, as too
much hydrogen can result in defect formation in the gna@h&he best quality graphene
films were synthesized with a fAr flow rate of 50/500 sccm, while the measured
growth pressure was ~ 1000 mTorr. The amount of Cu renaisaldepended on the
growth pressure. Variation in the;Hlow rate had a direct effect on the measured
pressure inside the reaction chamber based on the pumpet)ape conductance of the
vacuum system. Lower pressures were useful for inogga3u removal, as shown in
Figure 6.8 . In contrast, higher gas flow rates resuitifggher pressures were useful for
increased carbon removal [Figure 6.8 (e) and (f) vs. (h)]coverage was decreased to
less than 10% with #Ar flow rate of 50/50 sccm and a measured growth pressufeCof
mTorr [Figure 6.8 (e)].
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Figure 6.8. Optical microscope images showing the residual coppegrage after 20
minutes of growth on Sil6i with H, flow rate (sccm)/Ar flow rate (sccm)/pressure
(mTorr) as (a) 100/500/1500, (b) 3/50/9, (c)50/500/1000, (d)100/50/1350, (e)50/50/450,
and (f) 20/50/220. (g,h) Averagsllc and b/l collected from the samples in (a-f).

155



These data indicate a maximum in the layer thicknégghést b/l ratio) and a
minimum in the defects in the graphene (lowegAtlratio) for the flow rate conditions of
H, = 50 sccm, Ar = 500 sccm, and P = 1000 mTorr. Residual Cuagvelecreased to

less than 10% under these conditions.

6.2.7. Removing residual Cu

To remove residual Cu, samples were placed in a 30% Rg{Bueous solution
for two hours. Afterwards, the graphene was treated Wi HCI solution for 10 min
followed by washing in deionized (DI) water similar to thethod explained in section
3.3. in Chapter 3 for transfer of CVD graphene films. FiguBeshows optical images of
the sample before and after acid treatment. Ramartrgpeapy was performed and
confirmed the presence of graphene in regions where thenCe existed [Figure 6.9
(d)]. Figure 6.9 also shows some wrinkles in the SEM in@gbe graphene grown on
quartz after acid treatment. However, no cracks weserobd and the level of wrinkles
was far less than that observed by post growth andieramethods.

XPS was employed to identify the elements present erséimple surface after
acid treatment. XPS data were acquired using a spectrophlietoMds Scientific
ESCALAB 210) with an Alka X-ray source (v =148668¢eV). XPS was utilized on
several samples synthesized on B30 after acid treatment. The survey scan spectra
were collected at the binding energy (B.E.) of 0-1300 eV wittep size of 1 eV and a
spot size of 400 um, which prominently showed the Cls and €dls@and the lack of
any peak associated with copper beyond the detection diimiu in XPS (0.004%)
[Figure 6.9 (e)]. These data suggest that the acid treagffentively removes all metal

contaminants from the graphene film.
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Figure 6.9.(a,b) Optical microscope images of graphene before aedaaiid treatment.
(c) SEM image of the sample grown on quartz after aedtinent. (d) Raman spectra
from two different points on the sample in (b) afteidatreatment. (e) X-ray photo
electron spectroscopy of the sample after acid tredtinelicates the presence of Cls

binding energy without any peaks for copper or Fe.
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Finally, the optical transparency of an acid-treateglggae film synthesized on quartz
was obtained using UV-Vis spectroscopy. To this end, g 8aUV-Vis-NIR dual-beam
spectrophotometer was used to measure the optical ttgansrei from 400-2500 nm, of
the samples directly grown on the quartz substrateav@nage transmittance above 95%
was observed at 550 nm wavelength, suggesting that the ssynphesized through our
technique consists of primarily bilayer graphene, as ea@h hbsorbs between 2-2.5% at

room temperature [132].

6.3. Synthesis of graphene using trace carbon dissolved in ralst

6.3.1. Introduction

A segregation phenomenon has been utilized to turmrdlce amounts of carbon
dissolved in bulk metals into graphene [39, 72]. Recemdgearch has shown that
graphene films can be produced using this segregation methdldwwyg trace C found
in Ni to diffuse through an outer Cu layer to form graphéfwmvever, the graphene films
found on the Cu film required a subsequent transfarsecond substrate after synthesis
in order to remove the metal layers. In this sectiomwill describe an extension of the
segregation approach to form graphene both on top and untteanB@Cu bilayer film
without the need for a transfer step. This is a fasty gransfer-free, and scalable method

for full coverage and can lead to patterned graphene omwttielsubstrates.

6.3.2. Methods
A copper film 150 nm thick and nickel film 10 nm thick were evafgat®n a Si
wafer coated with 300 nm of thermal oxide. The key to fhiscess is that the

evaporation utilized graphite crucibles for holding theahsburces and it diffuses into
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the metal to leave trace amounts of carbon contaramatihis trace carbon was utilized

as the source for the graphene growth.

Figure 6.10.Schematic of graphene synthesis using trace carbonwdidsal metals.

To grow graphene, the sample was placed inside a quartandhmished into the

hot zone of a growth furnace operating at 1000°C. The $amace that was used for
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CVD growth and growth with solid carbon source was dsethis task. The growth was
performed for 30 minutes under flow rates of 50 scemaiitl 500 sccm Ar atmosphere at
a pressure around 870 mTorr. Next, the sample was ragdhed to room temperature
under the same gas flow rate. Similar to growth wisiold carbon source, the sacrificial
copper evaporated away during the growth due to the high logoes temperature
(>0.9) and the low pressure inside the chamber, [81] leayiaghene both on top and

underneath the nickel film. A schematic of synthesgh®wn in Figure 6.10.

Figure 6.11.Graphene on SiI5i (100 mm wafer) after 30 minutes of growth.
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During synthesis, much of the Cu film evaporated aweagying behind a
discontinuous residual layer of Cu on the Ni. To remoeertietals, the samples were
treated post-growth with a 30% Fe@kid solution for an hour, followed by a 10% HCI
agueous solution for 10 min prior to washing in deionized (idjer similar to the
methods explained in section 6.2. This process left the gnaptirectly on the SiO
substrate. Figure 6.11 shows a typical 100 mm diametey/Si@afer coated with a
Ni/Cu bilayer before and after synthesis. Layers oplgeae can be observed by the color
contrast on the wafer due to light interference e$fethe lightest regions in the middle
of the wafer correspond to monolayer or bilayer graphesere the darker regions near

the edges of the wafer are mostly few-layer graphene.

6.3.3. Characterization of metal sources

Secondary ion mass spectroscopy (SIMS) was utilizechéocally image the
substrate. Sputtering by oxygen ions allows depth profiling wétenaic masses from 1
up to >5000 amu (i.e. hydrogen up to large molecules) can beeatketeith a high mass
resolution. SIMS is the most sensitive surface amalysthnique, being able to detect
elements present in the parts per billion range witleréical resolution of ~ 2nm and
lateral resolution as small as ~300 nm [see Figure 6.1P)].(tBigure 6.12 (bottom)
shows the intensity of detected ions versus sputtering thrhigh intensity of Cu- ions
was first detected which formed the outer layer of theNCbilayer film. During the
depth profile analysis, the carbon to copper ion intematig (Ic/Ic,) in this region was
~ 3.5 x10". Further sputtering results in diminished Cu intensity #nedappearance of
Ni. This is indicative of reaching Cu/Ni interface. Sitameously, an increase in the

intensity of C was observed. The carbon to nickel mensity ratio (¢/Ini.) was ~ 7 x10
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2, Comparing the ratio of:lIn. with the ratio of &/lc,. indicates that the C solubility in
bulk Ni is 2 orders of magnitude higher than in Cu. Thisnisaccord with reported

maximum solubility of C in Ni and Cu (2.7 % vs 0.04 %) [72].

Figure 6.12.(Top) Schematic shows SIMS operation. (Bottom) SIMSults show the
intensity of detected ions versus sputtering time, intWeaof 2 orders of magnitude

higher C solubility in Ni compared to Cu.
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The distinct difference in the carbon solubilitied\ofand Cu suggests that the carbon in
the Ni can act as a source for the formation of gnaghl general when these films are
heated, Cu can diffuse into the Ni, and due to its losadubility, it displaces excess

carbon that acts as the source for the formatiothefgraphene layer. No additional
carbon source is necessary for this to occur.

Another set of samples prepared through sputtering of NiGanavith similar
thicknesses on Si0did not result in formation of graphene through the esgmowth
process. It is believed that the C atoms diffuse iheorhetal in the e-beam evaporator
from the graphite crucibles used to hold the metal souftess, while the differences in
the solubility of C in each of the metals is importahe trace carbon appears to be an
artifact of the method used to deposit the metals amctdimbination of these features

allows for the synthesis of graphene without any additioarbon sources.

6.3.4. Characterization of synthesized graphene

Figure 6.13 (a) and (b) show optical microscope imag&gsapthene grown on a
SiO, substrate with Ni and Cu films before and after etphirarge regions of graphene
were found on top of the Ni layer, while the residugdper covered less than ~5% of the
surface. Raman spectroscopy characterization ofojdayer graphene was performed
by analyzing the intensities of the D, G, and 2D RamakgHa80] using a Jobin-Yvon
micro-Raman system similar to the method explaime€hapter 2 and 3. The Raman
fingerprint for CVD graphene was confirmed by using the 2D- @rgeaks intensity
ratio (bp/lg) [29, 45] and the width of the 2D-peak [38, 45, 130]. The graphas
identified in all spectra measured on samples both inrégeons with and without
residual Cu. Graphene on Ni had.,g/ll; ratio of 1.56 + 0.06 and a full width at half

maximum (FWHM) of ~ 40 £ 2, suggesting a monolayer or bildiira.
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Figure 6.13. (a) and (b) Optical microscope image of grapheef®re and after acid
treatment. (c) Raman spectra from Ni (black line) €u regions (blue line) showing full
coverage of graphene on the sample. (d) Ramanrageain SiQ showing the presence
of graphene after etching metals. (e) Secondactrele SEM image of a graphene
sample grown on Ni before etching. (f) In-lens Skivage of graphene on Sifter
etching Ni and residual Cu showing presence ofkies (g) and (h) EDX pattern of the

same area in (e).
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In regions with residual copper, the ratig/lg is ~ 0.84 + 0.05 and the FWHM of 2D is
~ 50 £ 3.5, indicative of few-layer graphene [ZBje high D-peak intensity in copper-
free areas is due to copper evaporation, suggesting trenpeesf intrinsic defects in the
grains or a high density graphene domains [45].

After etching, both residual Cu and Ni films with graphengop were removed,
leaving the lower layer of graphene in direct contath B8iO,. An lp/lg ratio of 1.48 +
0.05 and a full width at half maximum (FWHM) of ~ 41 + 2 wereasured, suggesting a
monolayer or bilayer graphene on Si€ubstrate. A typical sample was treated with
oxygen plasma, prior to the etching step, to destroy thdatger graphene. After metal
dissolution, Raman spectroscopy was performed and shdwegrésence of graphene.
This excludes the possibility that graphene from the tophefnickel dropped to the
bottom during the etching process. A Zeiss Ultra60 scannatgreh microscope (SEM)
was used to image the graphene before and after etchjngefd.13 (e) shows an SEM
image of the graphene layer before etching. Visible regidnesidual copper confirm
the dewetting and evaporation of Cu. The SEM image,guaim in-lens detector, in
Figure 6.13 (f) clearly shows that there are wrinkle-ld@ntrasts in the continuous
graphene film after etching. However, no cracks wesented, and the level of wrinkles
was less than that observed by post growth and tramsf#hods. It is believed that the
difference between thermal expansion coefficientgraphene and Ni induces a thermal
stress during growth that leads to formation of wrisKl&2].

By combining the distinct segregation performances of Mi@n, we were able
to modulate the thickness and quality of synthesized grapie@u layer was employed

as a segregation controller, and a Ni layer with ttagels of C was used as the carbon

165



source. In comparison, a sample with a 10 nm Nerlaynd no Cu was used in the same
synthesis process. The Ni only layer resulted imghly defective few-layer graphene
film with Ip/lg ratio of 1.8 £ 0.2 andxd/lg ratio of 1.1 + 0.15 [see Figure 6.14]. In
addition, this method was tried using differentkimesses of Cu without any Ni film, and
no evidence of graphene formation was observeds Bhin accord with the previous

report and is due to very low solubility of carbarCu [72].

Figure 6.14.1,p/lg and bl/lg ratios as functions of Ni thickness.

6.3.5. Etching residual metal

X-ray Photoelectron Spectroscopy was employeddatify the elements present
on the sample surface before and after acid tredatn¥dS data were acquired using a
spectrophotometer (VG Scientific ESCALAB 210) widm Al Ka X-ray source (

hu=148668eV). The survey scan spectra were collected ranglaikeveral points at
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the binding energy (B.E.) of 0-1300 eV with a stepe of 1 eV and a spot size of 400

pm.

Figure 6.15.(a) Core level Ni XPS spectra shows removal o&after acid treatment. (b)
Survey spectra collected randomly indicate thegmwes of C1ls binding energy without
any peaks for copper or Ni after acid treatmentAferage UV Vis spectra indicates the

synthesized graphene in primarily bilayer showi8& %6 transmittance at 550 nm.
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The same spot size with a step size of 0.5 eV was wsed ¢ore level scan.
Comparison of Ni core level spectra before and aftehnimg, shown in Figure 6.15 (a),
suggests that the acid treatment effectively removeaetils from the graphene film as
no Ni was observed beyond the detection limit of NXiAS (0.0055%). The survey
spectra prominently showed the Cl1s and Ols peaks and kheflany peak associated
with copper or nickel [Figure 6.15 (b)]. Finally, graphene waswgr on a quartz
substrate with similar method.

A Cary 5E UV-Vis-NIR dual-beam spectrophotometer was usetidasure the
optical transmittance from 400-2500 nm of the samples ttirgcown on the quartz
substrate after acid treatment. An average transmitte®s% at 550 nm wavelength was
observed in Figure 6.15 (c), suggesting that the sample syagtehrough our technique
consists of primarily bilayer graphene, as each layeorbsbetween 2-2.5% at room

temperature [132].

6.3.6. Patterned synthesis

To demonstrate the ability to perform patterned syrahesshadow mask was
used to selectively evaporate Ni and Cu on the substiitiiea channel size down to 30
pm wide [Figure 6.16 (a)]. Then, the samples underwensyhthesis process described
previously. Figure 6.16 (b) and (d) show SEM images of the ehdmeiore and after
metal etching. A zoomed image of the graphene is showsigumre 6.16 (c). Raman
spectroscopy was performed within the channel and on th&s dvelieved to have
graphene. No evidence of graphene formation was seea thénnels where the metals
were not present. This indicates the ability to conaotl confine the synthesis of
graphene layers to specific regions on the wafer sunatieut any post treatment

patterning steps.

168



Figure 6.16.(a) Photograph of a typical patterned sample. (b) dpnGEM images of a

channel before and after acid treatment. (c) SEM im&gegraphene sample showing
wrinkles. (e) Optical image of a channel after growtlmwshg presence of Cu dots. (f)
Representative Raman spectra show the presence of graphéme areas where Ni and

Cu were patterned. No graphitic peaks were observed at odaer (@ the channel).

6.4. Conclusion

In this chapter, we report a new technique for producing laege &ransfer-free
graphene films on dielectric substrates. In the Besttion, our results demonstrate that

the growth quality and Cu removal depend strongly on tpe ©f growth substrate
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utilized as well as the growth pressure and time. Qualiztsates were found to yield the
highest quality films, although amorphous Si€urfaces were better in terms of Cu
removal during growth.

Synthesis using trace carbon dissolved in metals wexs itr a totally different
furnace for wafer-scale synthesis purposes, and the gspm#ty graphene was
synthesized. This indicates that this method is reproducibli&ke CVD graphene where
the flow hydrodynamic of gaseous carbon is highly depermiethe furnace size and the
gas flow rates. Our results demonstrate that the Niiges the carbon source while the
Cu film with significantly lower carbon solubility prales a medium extent of carbon in
the bulk Ni/Cu after being heated at growth temperatreontrolled growth condition
leads to formation of graphene both on top and underteatki film.

Acid treatment post growth effectively removed the desi Cu after the
synthesis step without liftoff of the graphene layermBa spectroscopy measurements
after acid-treatment revealed the presence of conigwgraphene layers across the
substrate, while XPS confirmed the removal of all Cu enedal contaminants in the
graphene film. This method, based on a solid carbon salre®s great potential for the
direct synthesis of graphene on dielectric substiatésding low cost Si@'Si substrates

where the integration with other microelectronics rbaypossible.
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CHAPTER 7

CONCLUSIONS AND FUTURE OUTLOOK

7.1. Conclusions

The research in this thesis has been conducted to advengeal of developing
graphene films for electronic device applications. To #mnsl, graphene films were
synthesized using CVD and transferred onto a varietulodtsates for unintentional and
intentional doping. In addition, issues with the transbf CVD graphene were
highlighted and overcome by developing new routes for feasfiee (direct) synthesis of
graphene on dielectric substrates. The insight gained mwestigating the impact of
atmospheric dopants on graphene films was effectivelydgeel to expand the present
understanding of unintentional mechanisms for doping grapfieme and to facilitate
the development of stable and defect-free methods tentional doping of these films.
Transfer-free synthesis through trace carbon disddivenetals opens a new pathway for

patterned graphene where the carbon source is embeddedymotith substrate.

Important findings of this dissertation are as fobow

» Chapter 4 expanded the understanding of the impact Hwtumn annealing,
followed by exposure to oxygen and water vapor, has oarimtentional doping
of CVD-grown graphene films. This chapter also presethtedirst known study to
corroborate X-ray photoelectron spectroscopy analysigork function
measurements, in-situ Raman spectroscopy measuremedtsmability/carrier
concentration measurements in order to clearly elueits effect of atmospheric

dopants on the unintentional doping of graphene filmsef@Basions of excess p-
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dopant concentration on vacuum annealed graphene aétgposure to air indicate
that the removal of some intrinsic p-dopants createsnrmy water vapor and
oxygen to be physically adsorbed on the graphene, which sarsencreased
concentration of p-type carrier. In-situ Raman measun&sné a controlled
environment (temperature/gas exposure) were performed éorfirdt time on
graphene samples; a hysteresis was observed in the pasitigraphitic peaks
during heat up/cool down cycles. A hole doping concentraimse to 1 x 18 cm

2 on annealed and air-exposed graphene was obtained, andrtblates well with
a 0.2 eV increase in the work function of graphene obtaireed Kelvin Probe
measurements. This chapter helps to utilize proper anneafimgaphene FET
devices for an optimum performance (increase in mobdiyl adjust carrier

concentrations).

» Chapter 5 investigated the effect of self assembled lages (SAMs) on the
electronic properties of graphene films. Monolithic andgratd SAMs were used
to create n- and p-doped graphene, graphene p-n junctiodsfFET devices
containing p-n junctions in the device channels; these gvesged through transfer
of CVD graphene onto SAMs coated substrates. X-rayogexttron spectroscopy
(XPS) mapping was also used to determine and presentgheuinmarized report
of the substrate treatment that was used to creasna-p-doping with a well
defined boundary between areas of the substrate coatedtheitn- and p-type
dopants. In-situ Raman spectroscopy was utilized in a datrgas/temperature
environment to investigate the doping of graphene film funatibed with SAMs.
Simultaneous de-doping, through desorption of atmospheric ntkpaand
intentional p- and n- doping were observed by trackingliaage in position of the
graphitic peaks. Through examining defect peaks in Raman spedtra and after

treatment, SAMs doping was shown not to result imotchiction of defects in
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graphene films. I-V measurements of FET devices contpipatterned APTES
layers show that it is possible to control the posif the two current minima (two

separate Dirac points) in the ambipolar p-n junction.

» Chapter 6 provided the first report of the transfee-Bgnthesis of graphene films
on dielectric substrates using solid carbon sources. @mapHilms were
synthesized through the thermal decomposition of pol{yhenethacrylate) on
copper coated sapphire, quartz, Si/Si&hd AIN substrates in a low pressurgAt
environment. This is the first report to indicate tberfation of graphene both on
top and underneath the transition metals, where a henical etching process
yielded graphene layers directly on the dielectric satest. A similar approach was
utilized to form graphene using trace carbon intrinsicdibsolved in metals. The
technique reported in this thesis could be scaled to la\eges and is compatible
with standard device fabrication technologies. Therefire research contribution
of this dissertation can be leveraged with the predmte-sf-the-art in graphene
films to advance the goal of manufacturing graphene-baskti dffect transistor
(FET) devices. However, issues remain in the perfocmant these devices, and
these must be addressed before graphene films can addresgercial market
needs. These primarily include further improving the camebilities in these
devices, improving the on/off ratio, and opening the bandgapughr various
chemical or electrostatic gating methods. These gmaistitute future work and are

discussed in the section to follow.
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7.2. Future work

7.2.1. Improvement in the electrical properties of CVD grapene films

As explained earlier, CVD graphene films synthesizeco foil have undergone
an annealing process under andtivironment in order to increase the grain size of the
Cu. An increased grain size for Cu dictates an inccea@gain size for synthesized
graphene. However, recent reports have shown that tgaje size graphene can be
obtained through two phase CVD growth, where the syrghssstopped before super
saturation of the catalyst Cu with C atoms dissolvedanfigas sources [73]. These
graphene films have shown superior performance in FETelewhere carrier mobilities
have shown a significant increase.

In addition, the substrate has a significant impacthe performance of graphene
based devices. Electron-substrate scattering and elaotpamity scattering have been
shown as major issues with the performance of graphemedEvices. Recently, a group
at Berkeley has shown that substituting SW@dth hexagonal boron nitride (hBN) can
result in an order of magnitude increase in the cam@lpilities of CVD graphene films
[109]. Therefore, another attempt towards higher carrigbpility is to utilize different
substrates for graphene devices.

As explained in detail in Chapter 4, vacuum annealingshasvn promise for
removing contaminants and atmospheric dopants from graphérstrates. However,
ultra high vacuum annealing at pressures as low a& I6rr can result in complete
removal of these groups. Furthermore, graphene fiimsvashed with DI water many
times during the transfer process, and this washing leagesficant dopants and
impurities on transferred film. This process can be ogplaby treating samples with
solvents, such as methanol, that are less detergemims of induced impurities.

However, a comprehensive study that utilizes the itnphcreased grain size

graphene on modified substrate in conjunction with meditransfer process and proper
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post transfer treatment is still lacking. An attempsyathesize large grain size graphene
followed by transfer onto hBN without using DI waterdautilizing instead ultra high
vacuum annealing can result in a significant improvemerthé carrier mobilities of
CVD graphene films. This can open new pathways for GQv&phene applications on

electronic devices.

7.2.2. Integration of CVD graphene films in OPV and OLED dewes

The use of amine terminated SAMs were shown as a&ct®# molecule to
control the doping in graphene films in Chapter 5 of thigkwdJore recently, an
ultrathin layer of a polymer containing simple aliphatmine groups, polyethylenimine
ethoxylated (PEIE), was deposited on graphene and shovewés its work function
from 4.7+0.05 eV down to 3.8+0.1 eV indicating a large levelayfing of the graphene
with a simply polymer. Polyethylenimine, 80% ethoxylatedEl® (Mw = 70,000
g/mol), was dissolved in # with a concentration of 35-40 wt.% when received from
Aldrich. It was further diluted with 2-methoxyethanol i(@eafter referred to as
methoxyethanol) to a weight concentration of 0.4%. 3dlation was spin coated on top
of the substrates at a speed of 5000 rpm for 1 min and wabaateration of 1000 rpm/s.
Spin-coated PEIE films were annealed at 100°C for 10 mia botplate in ambient air.
The thickness of these PEIE layers was determined &mcaend 10 nm by spectroscopic
ellipsometry measurements (J. A. Woollam Co.) by cmigig a single-layer model
(without surface roughness) and Cauchy refractive indgpedsion characteristics.

Scanning Kelvin probe microscope (SKPM) techniques, sirtoldhat explained
in Chapter 4, were applied on the graphene before and REHE deposition and
demonstrated that the work function can be lowered by owdr.IFigure 7.1 shows a
schematic of the decrease in the work function of graptadter PEIE deposition. In
contrast to the -conjugated amine-containing small molecules and polymersdesed

earlier, for example APTES, PEIE is a band-gap insulat should not be regarded as a
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charge-injection layer but rather as a surface modifi&e intrinsic molecular dipole
moments associated with the neutral amine groups contamedich an insulating
polymer layer, and the charge-transfer character of thieraction with the conductor

surface, together reduce the WF of graphene.

Figure 7.1.Schematic of decrease in work function of graphene BE¢E deposition.

Electrical measurements were performed on back-gatddl diffect graphene
devices with a PEIE layer deposited on top, using a metinaithsito that explained in
Chapter 3. Figure 7.2 showsd vs. Vg for back-gated graphene with a layer of PEIE
deposited on top using the method explained above. Unlikegittyehene devices
functionalized with APTES and PFES explained in Chaptethe Dirac point can be
observed in these devices even without annealing. Thisaires the significant impact of
PEIE on the n-doping of graphene; it is dominant congpbacethe p-doping effect
induced by atmospheric dopants. After annealing for only 30 miatite8GC, the Dirac
point experienced a large shift to lower values, indieabf significant n-doping. The

shifts in the Dirac point correlate well to the shiitthe Kelvin Probe measurements,
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verifying the changes in graphene doping. This method candilg peocessed in air,
from dilute solutions in environmentally friendly solventsuch as water or
methoxyethanol, and it does not suffer any change uteirgerature of 190°C, making

it compatible with the processing of printed electroniclairy.

Figure 7.2.1-V characteristic curve for PEIE/graphene before aftdr heat treatment.
Inset shows schematic of a back-gated graphene deviceawithn layer of PEIE

deposited on top.
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Figure 7.3. Schematic of an organic inverted-structure solar celgugraphene as

electrode functionalized with PEIE for improved electcottection.

In the future, PEIE graphene films should be exploredafiplication to organic
electronics and photonics. In addition, the nature ofdbping via PEIE should be
studied in a more fundamental manner to understand the me&chdmi substantial
doping. Figure 7.3 shows a schematic of an inverted-solkanoghich graphene can be
utilized as the cathode electrode. This chemical tredtnadong with a layer-by-layer
transfer of CVD graphene films for an increase in el conductivity, can be utilized
to fabricate a solar cell or organic light emittingdi, where graphene can be utilized as
a transparent conductive film. To collect electronstie cathode effectively, the
graphene work function can be lowered using a thin lafyBlEdE deposited on top. This
should increase the performance of this device due teared electron collections by

modified graphene film.

7.2.3. Low temperature and transfer-free synthesis of grapime on dielectric
substrates

In Chapter 5 of this thesis we demonstrated the foomadif graphene films
directly on dielectric substrates where there isneed for a transfer process. This is

attractive because most of today’s transistor tecyyolises complementary metal-oxide
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semiconductor (CMOS) technology in which an oxide laysulates the transistor gate
from the channel. However, in order for the techniquba®asily adapted for use in Si
based technology, low-temperature reactions (400-450°C) quireeé to maintain the
mechanical integrity of low dielectric constant (Kyarmetal dielectrics. Such graphene
nano ribbons (GNR) were synthesized on dielectric satlest in low temperatures [80].
To this end, there is a need to develop a technique toassé#émble an aromatic
monolayer on the surface and to further perform theadmagion towards graphitic like
materials. Therefore, the solid carbon sources ufiliveChapter 5 can be replaced by
well-organized, thin aromatic layers, where there ise®d for high temperature to break
chemical bonds in order to provide the carbon souregsired for graphene synthesis.
Some of these compounds could be bianthracene or palgaane, as these are building
blocks for graphitization and graphene synthesis. These@pamamds, along with a thin
catalyst layer such as Cu, can be utilized towards émperature formation of graphene

films.
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