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ABSTRACT OF THE DISSERTATION

Graphene and its Hybrid Nanostructures for Nanoelectronics and Energgaiiopis

by

Jian Lin
Doctor of Philosophy, Graduate Program in Mechanical Engineering

University of California, Riverside, June 2011
Dr. Cengiz S. Ozkan, Chairperson

This dissertation focuses on investigating the synthesis of graphénts hybrid
nanostructures by chemical vapor deposition (CVD) process, assitbkia applications
in nanoelectronics and energy conversion/storage. The substantial untiegstaf
interaction of graphene layers between the bio-molecules and gasutesl will enable
the improvement in the applications of graphene in bio-sensor and eheemnsor. To
achieve these objectivesraghene field effect transistors are fabricated to study the

interactions of graphene between single stranded Deoxyribonuctiéits AssDNA) and gas
molecules. ssDNA is found to act as negative potential gatigent that increases the hole
density in single layer graphene (SLG). The molecular photodesorahd absorption from
pristine and functionalized graphene are studied. The photodesorgticoed current decrease in
functionalized graphene by concentrated HN\®comes less significant than pristine graphene

layers. We suggest this is due to the passivation of oxygaring functionalities to CVD grown
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graphene structure defects via HNfOnctionalization, which prevents the further absorption of
gas molecules.

The advance of synthesis of graphene and its hybrid nanostructul@¥ by
promotes their applications in the industrial level. We synthebezegraphene both on
nickel thin film and copper foils by CVD, and investigate the gkawetics, such as the
effect of growth pressure on the uniformity and quality of Cwgraraphene. By
controlling the growth pressure we achieve uniform single lay@phgme sheets and
suggest the feasible methods of synthesizing uniform few-laygrhgne. To decrease
the sheet resistance, we stack the single layer graphene lagimglayer transfer
technique. Highly concentrated HNGs employed to improve the conductivity and
surface wettability of graphene layers. Four-layer graphéimes with optical
transmittance of 90% after HNQreatment are applied in organic solar cell as anode.
Further, we report the fabrication of highly conductive, large swdaea 3D pillar
graphene nanostructures (PGN) films from assembly of veytiaigined CNT pillars on
flexible copper foils and directly employed for the applicatioelactrochemical double
layer capacitor (EDLC). The PGN films with MWCNTSs on graphkyers, which were
one-step synthesized on flexible copper foil (25 um) by CVD propaedsbit high
conductivity with sheet resistance as low as 1.6 Ohm per square gingnachanical
flexibility. The fabricated EDLC supercapacitor based on highfase-area PGN
electrodes (563ffg) showed high performance with high specific capacitance of 330F/g.

We demonstrate the synthesis and characterization of three idimaéns

heterostructures graphene hybrid nanostructures (HGN) comprisingummurgilarge area
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graphene layers and ZnO nanostructures, fabricated via two-MBp p@ocess. The
material characterizations exhibit the highly crystallim®© nanostructures synthesized

on few-layer graphene film. Ultraviolet spectroscopy and photolsoeree
spectroscopy indicate that the CVD grown HGN layers hasliext optical properties.

The electrical study on the graphene/ZnO/graphene devices sudbastgraphene
readily form Ohmic contact to ZnO, although rarely Shockley mast.exThe electron
transport properties highly depend on the temperature. Devices show gotthiciive

effect under UV illumination. A combination of electrical and optipeoperties of
graphene and ZnO building blocks in ZnO based HGN provides unique characteristics for

opportunities in future optoelectronic devices.
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Chapter 1 Introduction
1.1 Graphene
1.1.1 History of Graphene

Graphene, a single layer of carbon packed in honeycomb lattiiceantbon-carbon
distance of 1.42 angstrom, has drawn appreciable attentions frearatesrs due to its
exceptional properties like high mobility[1], ballistic transport[2jigh thermal
conductivity[3], optical transmittance[4] and mechanical hardnes3[3 term firstly
appeared in 1987 by Mouras et. to refer to the single sheetpifigravithin the graphite
intercalation compounds[6]. It is also used to describe 1D carbon nanGjuéed|3D
epitaxial graphite[8]. While, the concept of graphene can be dated back to 1947®Rhen P
Wallace firstly theoretically explored it[9]. In 1984 Mele,JE et. pointed out the
emergent massless Dirac equation to describe the electmnslighe Fermi lever[10].
However, before Geim’s group observed the single atomic lagghgne in 2004[11],
the theorists such as Landau (1937) and Peierls (1935) argued thatetl®Dtcrystal
could not exist because it was thermodynamically unstable andtdhéac monolayer
tended to role or fold in order to achieve the lowest potentaiggrstate. Later research
discovered that the reason why the atomic layer graphene could beedbsas the
existing of the intrinsic ripple[12], which is believed to prevent graphene fromgalhd
to help suppress the thermal fluctuation.

Starting from 1970s the researchers have tried different meéthadsieve very thin
films of graphite like epitaxial growth[13, 14], chemical exfoba[l5, 16] and

mechanical exfoliation. However, Novoselov et al. was accrediteddirovering



graphene in 2004 when they extracted single-atomic-thick dresatrom HOPG by
mechanical exfoliation method using ‘Scotch tape’. Since then, signifiscientific

advance has been made in graphene[17, 18].

1.1.2 Graphene Crystal and Band Structures

The dimensionality is one of the most important parameters tiad tieé material.
Taking carbon for example, there are various structural formsadfon like zero-
dimensional buckminsterfullerene observed in 1985[19], 1D carbon nanotubes
discovered in 1991[20], 2D graphene isolated in 2004[11] and 3D graphite/ diamond
(shown in figure 1.1). These various structural forms give the carbigneunariety of
properties and applications.

Graphene is an allotrope of carbon, composed by single-atomicofaggrbond
carbon atoms which are closely and strongly packed in honeycorstalcsyructure.
Graphene is 2D building material that can be wrapped to 0D bucleriuikrene, rolled
into 1D carbon nanotube and stacked to graphite (see figure 1.2). Imdotme

graphite’s layer graphene layer shows thickness of 0.34 nm.

Fullerenes (Cg,) | | Carbon Nanotubes Graphene Graphite
- f.-.;__"_:;:_:"“
» '..;‘ * lv, .DiKTI i
o S‘ N-ge T s
La il ‘.-' [ITF
. 0‘..‘.&"‘ : 5 -'L.::'._“;_ -
0D (1985) 1D (1991) 2D (2004) 3D

Figure 1.1 Various structural forms of carbon from zero to three-dimensiorsn Fr
http://www.physics.drexel.edu/~gyang/SOLID/lecture113010
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Figure 1.2 Graphene is 2D building material that can be wrapped to 0D
buckminsterfullerene, rolled into 1D carbon nanotube and stacked to graphite. [1]

In the graphene structussy’ hybridizations formo and o* states which show high

energy gap (14.26eV). Figure 1.3 shows the electron orbitals in egrapihesesp’

hybridization orbitals closely pack the carbons on the x-y plamego not contribute to
the electronic transport. The remaini@@ orbital takes place irp, states which mix
each other to formw bond. Therefore, in an finite graphene sheetlectrons are

contributing one conducting electron per carbon and responsible for thkevaealer

Waals force between graphene layers in graphite[21].
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Figure 1.3 (a) Electron orbitals in graphite. (b) Electron orbital of graphesp®
hybridized orbital responsible for the bonding on x-y plan; 2p orbital pempdadio the
x-y plan. Fromhttp://www.physics.drexel.edu/~gyang/SOLID/lecture113010

Figure 1.4a shows the graphene hexagonal lattice with bond tigpgm42,00\, two

carbon atoms are in one unit cell with lattice consteat/3d,, = 2.46/. a,and a,are

the unit vectors of the unit celblz(g,%‘),az:(—g,\/_—g’za). Figure 1.4b is the

reciprocal lattice of graphene with lattice constanfThe unit vectors of unit cell are

J3b b J3b b

indicated withb andb,, b = (T'E’)’bz = (——2 ,—2,).



Figure 1.4 (a) Direct lattice of graphene. Shaded area is the primutive cell. (b)
Reciprocal lattice of graphene. Shaded area is the firso@inllZone defined by the
vector i and B. From: http://www.physics.drexel.edu/~gyang/SOLID/lecture113010.

Band structure of graphene around the Fermi level is determined pydfbital.

In 1991 Michenaud, J.C. and Michenaud J.P. used tight binding Hamiltonian mgcludi

only p,states to approximate the low energy electronic property[22]. Coimgjdine
interaction between neighbgqy, wave functions, the electronic structure of graphene can

be approximated with the following expression:

E(l&,lg)=i7\/1+4co{‘/§gxa] co%kyzaj+ 4c6%%‘j (1.1)

Figure 1.5b is extracted from the equation 1.1. Féemi surface is characterized by six

double cones. Near the Fermi lever, the low-E gaascles can be described by the

Dirac-like Hamiltonian:



o | O T 1.2
=hv, k +ik, 0 |Tveox (1.2)

Near the Fermi level the energy is linear dispersion of waetor, so we can derive

2

E . .

(3 > j =o0. Therefore, the electron effective mass expressed in
K

o = hz[dzEj_ (1.3)

dx?
will be zero. It indicates that at the Fermi level, the electrohaJ®eas zero-effective -

mass Dirac fermions. This unique band structure illustragesrityue electrical property.
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Figure 1.5 (a) Crystal structure of graphene. (b) Band structurgrabhene. The right
zoome-in is conical energy band spectrum associated withtgabs intersected at zero E
near the edge of Brillouine zone.



1.1.3 Propertiesand Applications of Graphene
1.1.3.1 Field Effect Transistor and Integrate Circuits

In the past fifty years, Moore’s law plays impottaole in the gigantic
semiconducting industry: the typical dimensions of MOSFET t@MeOxide
Semiconductor Field Effect Transistor) on the integrated itérclecrease in size by a
factor of two roughly every eighteen months. In 200&llrhas achieved 65 nm
technology node for dual-core and continued to push nondéven 22nm Silicon based
MOSFET technology. As the gate length of MOSFET shrinksnilimber of integrated
transistor dramatic increase (see figure 1.6). Howeviger 4990s the further size
reduction causes significant negative impact in the perforenafcdevices, not to
mention the exponential increased fabrication cost. The prebtamsed by the short
channel effect include leakage current, uncontrollably isecaheat, statistical

fluctuations in the channel resistance, electromigration in tengh and so on.
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Figure 1.6 Evolution of MOSFET gate length in integrated circuits (filled cedle) and
International Technology Roadmap for semiconductor targgien( red circle). The
number of transistor per processor is indicated with blus. 28]
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These problems inspire the scientists and engibedrs/estigate the alternative
channel material. And the semiconducting nanowires[24,r&bFarbon nanotube[26, 27]
have drawn much attention. But common problem existing rs falignment of these
nanowires and nanotubes. Graphene has high electroititynpBx10cmV *s") [28],
low electrical noise[29], high thermal conductivit$.80+ 0.48& 1&Wm™*K*) [3], and
high cut-off frequency (up to 100GHz) [30]. More imjaotly it is compatible to current
CMOS technology. All of these make graphene the promisamglidate for channel
material for the next-generation MOSFET. Facing the factah#te state of art large-
area graphene transistors still show low on-off ratio (inréimge of 2-20) caused by the
zero-bandgap for large-area graphene researchersryanrg different approaches to
improve it. One of the approaches to introduce energydagnis to create the graphene
nanoribbons. And up to 10Oon-off ratio has been achieved in 5 nm graphene
nanoribbons[31, 32]. Although the carrier mobility in grapé nanoribbons could be
decreased, from the experiment and simulation the mobilitgtdamaintain satisfactory

value to meet the industrial applications (shown in figure 1.7).
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Figure 1.7 (a) Electron mobility versus bandgap engineering in low étettfields for
different materials. (b) Carrier mobility versus graphemenoribbon width from
simulation and experiment. [23]

1.1.3.2 Graphene Based Chemical and Bio Sensors

Another promising application for graphene is gassnsors. In the sensing
process, all of the carbon atoms are exposed to thetiarglpjects because of the 2D
graphene, and high conductive graphene has low Jommse. These properties make
the graphene ultra sensitive to the external molecules. Tlsé&iwén can reach single
atomic or molecular level (see figure 1.8)[33]. Since ttsly reported graphene based
gas sensor towards NONHs, HO, and CO by Shedin et al. in 2007[33], there have been
a number of theoretical[34-36] and experimental[33, B[7/sdudies that investigated the
gas sensing properties of mechanically exfoliated, chemickdtived graphene and
graphene oxide layers. Fowler et al.[40] demonstrated rdqghgne chemical sensor to

detect dinitrotoulene (shown in figure 1.9).
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Figure 1.8 Single molecule detection based on graphene field effesigtan[33]

The important fact is that graphene sensing pieparre fully recoverable either by
thermal annealing[33] or by the UV illumination for short time[32]. Also, the
mechanism of the gas or chemical sensing properties gbhgmna was also
investigated[34-36]. That is attributed to the charge transfevden graphene and the
absorbed gas or chemical molecules. The decoratioraphgne surface with some metal

nanoparticles like Pd was also employed to improve the rdgpdib detection[38].
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Figure 1.9 Response of the graphene sensor to 2,4 dinitrotolueble. [4
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In addition to the gas sensing, graphene biosems®rbeen widely explored.
Mohanty et al. applied graphene oxide for sensing DNA stodied the interface of
bacterial and graphene oxide[43]. The shift of Dirac ppaiass explained by the negative
charge gating effect of DNA. Further Lin et al. verified theffect by Raman
spectroscopy and deeply understood the mechanism byeticab modeling[44].
Recently, Shan et al. reported glucose sensor by cotsgruca novel
polyvinylpyrrolidone protected graphene/polyethylenimine/gbecooxidas (GOD)
devices. Up to 14mM glucose can be detected in their elg¥is]. Alwarappan et al.
demonstrated the graphene  sensing properties toward  dataoi®
neurotransmitters[46]. Overall, as the further researdon in the graphene, graphene

will show more promising applications in the gas or bio serfsds.

1.1.3.3 Trangparent and Conductive Electrode

Generally researchers use transparent ardlictive metal oxides such as indium
tin oxide (ITO) or fluorine tin oxide (FTO) optoelectroniésmajor disadvantage of ITO
is its high cost due to Indium being a rare element. Also Tk dhows instability in
presence of acid as well as the limited optical transmittance metreor infrared region.
Graphene, a monolayer two-dimensional atomic carbon shest, attracted great
attention because of its unique electrical and optical propeRigste 1.10 shows that
the transmittance of graphene reaches over 90% in th@eviange dependent on the
number of layers[4]. The low sheet resistance and hgical transmittance make

graphene the good substitute of ITO as transparent electadeptoelectronic
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devices[47-49]. In 2008, Wang et al. firstly reported fhigrication of dye-sensitized
solar cell based on graphene transparent electrode$p®thermally reduced graphene
oxide films with over 70% transmittance had good conductigitgr 550S/cm. The

power conversion efficiency (PCE) was around 0.2886\s in figure 1.11).
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Figure 1.10 (A) Photograph of 50um aperture covered by graphedeita bilayer. (B)

Transmittance spectrum of single-layer graphene. (Iisat)smittance of white light as
function of number of graphene layers. [4]
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Figure 1.11 (A) Schematic of dye-sensitized solar cell using graphiémeat electrode.

(B) The energy diagram of dye-sensitized solar celll{€}xure of graphene (black) and
FTO based solar cell. [49]

Also Blake et al. demonstrated graphene based laygial device in 2008[48].
However the graphene films still showed high sheet resstah&k ohm/sqr at 90%
optical transmittance. After 2009 the advancement of chemageirwdeposition method
of growing large-area and continuous graphene filmgresly promoted these research
fields[47, 50-54]. In 2009 Kim et al. reported the fewelagraphene from Nickel by

chemical vapor deposition (CVD) with sheet resistance of @Bfh/sqr at 80%
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transmittance[52]. Later Li et al. demonstrated high quality 8%%gle layer graphene
grown on copper foil[53]. Further different transferrenethod (roll to roll) was
employed by Bae et al. to lower the sheet resistance ofcBOgraphene films for the
transparent electrodes in touch screen (see figure[31]2What was more, these CVD
grown graphene films showed excellent mechanical propevitdsh made them
promising candidates as stretchable electrodes. For thieatiom of graphene in the
solar cell researchers tried to functionalized the grapheriacs either to change the
work function or increase the conductivity[55]. And Warigak employed functional
group PBASE to make the graphene surface hydrophiliciticusased the power convert
efficiency (PCE) of organic solar cell[47]. Overall, grapbk as transparent electrode will
be most promisingly commercialized in near few years. Baithprovement in quality
and mass production to decrease the cost will be resgiaection. For the application in
organic solar cell graphene surface functionalization nedats éonployed to improve the

PCE of photovoltaic cells.
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Figure 1.12 (a) Raman spectra of graphene films with different nurobstacked layers.
(b) UV-vis spectra of layer-by-layer transferred graghélms on quartz substrate. (c)
Roll-to-roll transfer of graphene film from thermal releteee to PET film at 128C. (d)
An assembled graphene/PET touch panel showing outstantkripility. (e) A
transparent graphene film transferred on a 35-inch RE&ts(f) A graphene-based touch
screen panel connected to computer with control softwaie.[5

1.1.3.4 Super capacitor
Ultra or supercapacitor based on electrochemadbld layer capacitance (EDLC),
consisting of the porous electrodes in the electrolyte soltiiahstore or release the

energy among the electrode/electrolyte interface, has bidetyvexplored in the past 30
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years[56]. The supercapacitor can be wildly applied inggneapture like load cranes,
forklifts, electric vehicles and power absorb/release attdimoe. However, energy
density of supercapacitor is still significantly lower than tha#dsy or fuel cell. Thus,
increasing the energy density of supercapacitor to be wabat of battery, as stated by
U.S. Department of Energy, is a strong interest to reseaclone of approach to
increase the performance of supercapacitor is to tackleelgtitrode material. Among
the carbonaceous material, graphene having high electrivdlictivity and high specific
surface area, was demonstrated as promising electrageiahfor supercapacitor[57].
In 2008, Stoller et al. fabricated double layer supercapabésed on chemically
modified graphene and achieved specific capacitance /3&nE 99 F/g in aqueous and
organic electrolyte respectively[57]. The schematic of fdimicated supercapacitor is
shown in figure 1.13. Later on a few groups develagedlar supercapacitor based on
chemically reduced graphene oxide or liquid exfoliated grap[b8-61]. Liu et al.
demonstrated graphene based supercapacitor with ultralegiyesensity. The reported
value was as high as 85 6 Wh/kg at room temperaturé2thaVh/kg at 80 degree using
ionic liquid as electrolyte[62]. All of these graphene bas@gercapacitor were utilizing
the basal planar carbons to store the energy, which Hatively lower specific
capacitance (3 uF/cncompared with edge orientations of graphene (50-7€mi}63].
Recently, new material synthesis and device fabricatipnoaphes have been employed
to utilize the edge orientation to improve the performancegEphene based
supercapacitor[64, 65]. Miller et al. demonstrated supeawmitg with electrodes made

from vertically aligned graphene nanosheets grown diréctig metal current collectors.

16



By fully utilizing the edge orientations of graphene they destrated that the fabricated
supercapacitor has high capacitance (above 175 Gfédh Yoo et al. employed
original “in-plane” fabrication approach to sufficiently utilize thasal plane and edge
orientations, thus increased the capacitance of grapherey @&bhieved specific
capacitance as high as 80 uFldor CVD grown 1-2 graphene layers and 394 u/fon

reduced graphene oxide electrodes[65].
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Figure 1.13 (a) SEM image of graphene particles. (b) TEM image smgpundividual
graphene sheets. (c) Low and high magnification SEM inshggaphene electrode. (d)
Schematic of test cell. [57]
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1.2 Synthesis of Graphene

The earliest trial of synthesizing monolayer graphaie tcack back to 1975[13],
when B. Lang formed monolayer or few layer grapheneutih thermal decomposition
of ethylene on Pt surface. However, at that time the unpgjaperties and potential
application had not been extensively explored, thus it didntaguer much attention
from the researchers[66]. After 20 years, a few trimdnfJapan had been reported in
producing graphene through thermal decomposition[67, i68%fliation[16]. However,
Novoselov et al. was accredited for discovering grapher#®@d when they extracted
single-atomic-thick crystallites from HOPG by mechanical exfoliatiethod using
‘Scotch tape’. They showed repeatable method of pimdute single layer graphene
and extensively explored the physical[4, 11, 17, 69] @memical properties[33]. Since
then, various approaches such as exfoliation, thermal gesiton, and chemical vapor
deposition have been employed to produce graphene. ®brtiee main routes are

categorized in the following sections.

1.2.1 Exfoliation and Cleavage

Graphite is stacked from graphene layers thrauggk Van der Waals force. In
principle, single layer graphene can be exfoliated or cteyemechanical or chemical
energy. In 2001, the pioneer work was done by Shioyahwproduced graphene from
graphite through expansion of potassium-graphite intercalawompaund (GIC) by
introducing unsaturated hydrocarbon into the interlayer t#gsaum-GIC[16]. The other

important work was done by Viculis et al., who used potasd intercalate into the
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graphite layers and exfoliated in ethanol by sonication[78jo,Amechanical exfoliation
was employed to get ultra thin graphite film. However, until&2G@im’s group reported
the successful exfoliation of single layer graphene. Trhajor approach was to transfer
the graphene layers onto 300 nm Sgdbstrate so that they could efficiently indentify
the number of graphene layers by optical microscopyusecaf the high optical contrast
between graphene and 300nm SiThis approach was proved to be reliable and easy,
thus attracted immediate attention from the science community/[3,2].

Besides, another important catalog of exfoliation emital exfoliation in liquid
phase. Stankovich et al. achieved partially reduced graptiede (GO) nanosheets by
ultra-sonication of the graphite oxide flakes in aqueousesisépn and then reduced the
GO nanosheets in hydrazine hydrate[73, 74]. Howevaphgme oxide nanosheets were
not fully reduced and had significant oxygen group left i@ tarbon structures. To
overcome this drawback, another liquid exfoliation in organleent without oxidization
of graphite was proposed by Hernandaz et al. in 2@)8[I"his process showed the
promise of large scale production of graphene layers wgtihduality. Similar process of
producing single, few layer graphene was employed byal et al. by dispersing the
graphite in SDBS followed by ultro-sonication to get graphesje[Mevertheless, the
exfoliated graphene is generally in micrometer scale, whicktsliits application in

electronics.
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1.2.2 Thermal Decomposition of SIC

One of the highly promising growth techniques isytthesize graphene by thermal
decomposition of SiC. What makes this approach attractiveesearchers in the
application of post-COMS electronics is the discovery that deenlayer epitaxial
graphene on SiC shows similar electronic properties to thadadotpaphene sheet[77,
78]. The other advantage of epitaxial graphene is that rivgegs is compatible with
standard CMOS technology. Sprinkle et al. used standard SCNEZhnology to
synthesize graphene nanoribbons by fabricating scalabj@das, which advanced the
research in graphene as the channel material in post-CtD8ology[79]. To go back
to history, the pioneering work was done by Vanbommel.aha975[80], while the
major advance was promoted in recent years by seveedtists, one of whom is de
Heer[77, 78, 81]. He comprehensively reviewed the tramd electronic properties of
epitaxial graphene on SiC[81]. Generally, the epitaxial gmaplon SiC is synthesized
under ultra high vacuum and at heating temperature beth@#C to 1500°C for short
time (1-20 minutes). These extra conditions limit the industrialiGgipn. Recently
some significant developments were made to this processy &tieal. synthesized the
epitaxial graphene on SiC at low temperature (G82]. And Emtsev et al. improved
the process and produced the epitaxial graphene on Si@Gbétra pressure[83]. These
advances to the process on one hand could producafeesgale graphene; on the other
hand it improved the process and made it more cost-eféetctithe industry.

Although huge advances have been made in tloise$s, issues such as the

uniformity in the thickness of graphene, repeated producfitarge-scale graphene need
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to be solved. SiC has two polar sides perpendicular to c-&kis bulk terminated
SiC(0001)Si-terminated face (Si-face) has one danglingp®&d per Si atom, while the
SiC(000-1) C-terminated face (C-face) has one C danghoigd per C atom[81].
Graphene, grown on these two polar planes, shows diffgg@wth behaviors and
electronic properties. Further research has to be donedersiand the mechanism and

the graphene-SiC interface.

1.2.3 Chemical Vapor Deposition

Compared with the previous two methods chemicabrvdpposition technique in
synthesis of graphene has drawn much attention because iproduce wafer scale
graphene in economical way. Generally speaking, CVDaoagpr of synthesizing single
layer or few layer graphene is to use eco-friendly pesou(CH, CH,) by thermally
cracking of Carbon elements on metal catalysts like nickphar Pt, Ru or Co either
through precipitation process or surface catalyzed procEss first use of CVD
techniques on the synthesis of planar few layer graphaenPtccrystal surface was
reported by Lang in 1975[13]. However, the intenseaeseeffort were put into this
field starting from 2006[84]. Somani et al. grew the graphlagyers on Ni surface, and
the number of layers was estimated to be 35 layers. Thisagh opened up a new path
for graphene synthesis, although several issues like tlsslamntrol and uniformity had
to be solved. Then nanometer thick (1-2 nm) graphene fgmsvn on nickel foil
(hundred micrometer) were achieved by several groupsighrCVD approach [85, 86].

Later on a few trials were made to synthesize the few-lgrgghene (FLG) on thin film
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polycrystalline nickel thin films (<500 nm)[52, 54]. Therpaf the results obtained from

Kim et al. is shown in figure 1.14.
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Figure 1.14 Various spectroscopic analyses of the large-scale gradiiers grown by
CVD. (a) SEM images of as-grown graphene films on (BDD-nm) nickel layers and
thick (1-mm) Ni foils (inset). (b) TEM images of grapheim$ of different thicknesses.
(c) An optical microscope image of the graphene film traresfleto a 300-nm-thick
silicon dioxide layer. The inset AFM image shows typical rippstdictures. (d) A
confocal scanning Raman image corresponding to c. Timdewof layers is estimated
from the intensities, shapes and positions of the G-ban@@+zhnd peaks. (e) Raman

spectra (532-nm laser wavelength) obtained from the soreling coloured spots in ¢
and d. a.u., arbitrary units.[52]
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In the case of synthesizing graphene on nick€@\y, carbon atoms cracked from
precursor gas (CHor GH,) at high temperature (900/1080) diffuse to the nickel and
then segregate to form graphene film at fast/moderate coatieg This mechanism is
called precipitation process. Therefore, in this processsahubility of carbon atoms in
nickel and cooling rate are critical for the high quality grayefi@6]. In their process[52,
54], they used Nickel thin film rather than Nickel thick foilrtonimize the solubility of
carbon atoms in the nickel, and used the moderate andofalgig rate to segregate C
atoms to form graphene film. Other than nickel, a few mékadCo, Ru were employed
to synthesize graphene[87-89], but controlling the uniformftgraphene layers in the

large scale is still the challenge.
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Figure 1.15 (A) SEM image of graphene transferred on £8D(285nm thick oxide layer)
showing wrinkles, and 2 and 3 layer regions. (B) Opticatesimope image of the same
regions as (A). (C) Raman spectra from the marked spitiiscorresponding colored
circles or arrows showing the presence of graphensjeslaf graphene and 3 layers of
graphene; (D, E, and F) Raman maps of the D (1308G6 ¢m"), G(1560 to 1620 ci),
and 2D (2660 to 2700 ¢t bands, respectively (WITec alpha3@Qser= 532 nm, ~500
nm spot size, 100 objector). Scale bars are 5 um.[53]

In the further development of the process, Rugffoup achieved graphene with
high quality and uniformity in the large scale[53]. Theyiroled above 95% of the
graphene film grown on copper foil was covered by thglsifayer region (see figure
1.15). The graphene film showed high electrical and opgicgberties. Other than the
precipitation process, it was proposed to be surface cathfymcess on copper. Li et al.

used carbon isotope labeling to proved this mechanismf#§ed on this progress,
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researchers synthesized the ultra large scale graphenadfitmansparent electrode for
touch screen[51]. In the near future, researchers wvall§mn the solving the issues like
controlling the uniformity and thickness of graphene in thésacale, improving the
quality in term of electrical conductivity for the application ineattonics and

optoelectronics.

1.2.4 Other Methods

Another recent method of graphene or graph@meribbons synthesis was to use
carbon nanotubes (CNT) as starting material. In 2009g tgreups independently
reported the similar results[91-93]. Tour’'s group unzippeel MWCNT by stepwise
oxidization in KMnQ and HSQO,, then reduced the opened graphene nanoribbons in
NH4OH and hydrazine in §4.H,O solution, finally annealed inA€nvironment[91]. By
this method they demonstrated 100% yield and grapheneillaoios with high quality
(shown in figure 1.16). Dai's group plasma etched phetially embedded CNT in
polymer to get graphene nanoribbons[92]. In anotherystud Vega-Cantu et al.,
MWCNTs were opened longitudinally by using Li and ammontargalation followed
by exfoliation in acid and rapid heating[93].

Besides, radio frequency PECVD was used tahsgize graphene flakes. The
earliest reported graphene like carbon nanosheets synthésiZ2ECVD was found by
Holloway’s group in 2004[94, 95]. Since then, a lot ofessher around the world
followed up the work. Employing this approach Holloway ackitvertically aligned

graphene nanosheets which show AC filtering effect at 121t Idupercapacitor[64].

25



Figure 1.16 Nanoribbon formation and imaging. (a) Representation of giteelual
unzipping of one wall of a carbon nanotube to form a nlabon. Oxygenated sites are
not shown. (b) The proposed chemical mechanism of nb@otunzipping. The
manganate ester in 2 could also be protonated. (c) TEMyesnalepicting the
transformation of MWCNTSs (left) into oxidized nanoribbonglt). The right-hand side
of the ribbon is partly folded onto itself. The dark structusee part of the carbon
imaging grid. [91]
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1.3 Graphene Hybrid Nanostructures. Synthesisand Applications

Despite the dramatic progress in the grapheseareh, another emerging research
area is the graphene hybrid nanostructures through ssafrdoling graphene and other
nanomaterials (carbon nanotubes, inorganic nanowires amoparticles, organic
component) for various applications. Although there are war@mmponents involved in
the graphene hybrid nanostructures, based on the rgi@agfiene in the architectures of
graphene hybrid nanostructures, they can be distributethirgte types (shown in figure
1.17)[96]. In type I, The major role of graphene ispimvide conductive or even
transparent substrate for supporting the second active cemigoassembled on top of
graphene films. In type |, graphene film can be froduced graphene oxide nanosheets
or from continuous large-area graphene layers. Thendecomponents are usually
inorganic nanostructures, for example, carbon nanotut@mwires or nanoparticles.
The major applications for the type | are in the chemicadisg[®7], catalyst[98], and
energy conversion[99]/storage[100]. This is majorly atteduo the large surface areas
obtained from graphene as well as the active functional inmrgenostructures. The
architecture of type Il is that graphene and the comporseatsnixed together to form
continuous hybrid films in which graphene acts as equivatémtas the other component.
The typical example is the graphene/CNT hybrid film via lalggrlayer assembly
reported by Cai et al.[101]. The major benefit of the sedype is the large surface
interfacial areas which is promising for the application inrgpestorage[102],
battery[103] or transparent electrode[104]. In type dtaphene, imbedded in the

continuous matrix of the second component (usually polymaays the role of
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improving the mechanical, electrical and thermal propertiegkeotomposites due to its
high aspect ratio and excellent physical properties. The mapication of this type of

hybrid structure is to fabricate the conductive high-strefiigtis[ 105, 106].

) () (1)

Graphene Graphene ,' Graphene

Second component Second component Second component

Figure 1.17 Schematic of three types of graphene hybrid nanostrscture

To review the synthesis of the graphene hyhaitbstructures, | will focus on the
first type of graphene hybrid nanostructures which isrtimortant subject of my thesis
work. To synthesize the first type of graphene hybadastructures there are two widely
used approaches: layer by layer (LBL) self-assemblyiargitu synthesis. In the LBL
self-assembly, readily the graphene nanosheets with patepk groups which provide
the negative charges in the aqueous solution are emplsydx gupporting substrates.
Then the second component with positive charge can béedtéao the negative charged
graphene through self-assembly approach. Hong et ploged electrostatic interaction
of two oppositely charged components of graphene oxat@sheets and MWCNTSs to

form graphene/CNT hybrid films by LBL self-assembly[10This method provided
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excellent control in terms of performance in electrical cotidity. And multilayer of
graphene/CNT hybrid films can be fabricated by LBL setieasbly.Also Kim et al. used
similar approach to produce the graphene/CNT hybrid nambgie as transparent
electrode[108].

Another widely used method for the synthesizipg tygraphene hybrid film is the
in situ growth either through chemical synthesis or CVD syigh&tetal nanoparticles
like Au can be synthesized on the top of graphene oxideshaets film by immersing
the graphene film into Auglsolution to form graphene/nanoparticles hybrid film[109].
Sundaram et al. used electrochemical deposition of Pt naiotgs on the graphene
surface to enhance the sensitivity to Hydrogen[38]. Otlaer thetal nanoparticles, some
groups also synthesized the 1D ZnO nanowires on topeddiced graphene oxide

nanosheets films by hydro-thermal method for the field enmsgiplication[110].
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Figure 1.18 (a) Schematic illustration of the fabrication process for CCQ/Cbdimposite
fi Ims. (b) SEM image of cross section of CCG/CNT compdsita prepared following
the process illustrated in (b). (c) SEM image of pattern GNTCG fi Im.[111]

In situ growth by CVD method is also an importané @m synthesizing type |
graphene hybrid nanostructures in a well controlled wajghwik vertically orienting 1D
nanotube or nanowire on top of graphene. Recently, Kgnbup demonstrated carbon
hybrid film composing vertically aligned CNTs on reduce@pipene film for field
emission application, as illustrated in figure 1.18[111]. Firskiyge area reduced
graphene films with high electrical conductivity and transmitanwere prepared by spin
coating on transparent substrate, followed by Fe catalystrmpatgeon top of it through
block copolymer lithography. n-type CNTs were verticalloygn on top of the
mechanically flexible reduced graphene films by PECVDr@ggh. It exhibited excellent
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electrical and mechanical properties. Also our group denatedtrin situ one-step
synthesis of pillar graphene/CNT nanostructures on complefof the application in
supercapacitor[100, 112]. Other than carbon nanotubespumn group 1D ZnO
nanostructures were successfully synthesized on CVIphgre film by two-step
synthesis method[113]. It showed excellent electrical and legtoenic properties and

provided new path of application in optoelectronic devices.

1.4 Thesis Outline

This dissertation focuses on investigating synthasigraphene and its hybrid
nanostructures by CVD process as well as studying thent@dteapplications in
nanoelectronics and energy conversion/storage. The stistainderstanding of
interaction of graphene sheet with the bio-molecules and giecuates will enable the
capability of improving the applications of graphene in bicseemnd chemical sensor.
Synthesis of graphene by CVD process promotes the dpmticaf graphene as
transparent electrode in photovoltaic cell. Novel synthesis id&r pgraphene
nanostructures provides potential use for energy conwstinage, sensors and field
emission. Studies on the heterogeneous graphene-ZnGstneres promote the
understanding the interface between carbon and inorgamicidps another route of
applying graphene as transparent electrode for energsecsion in future.

In chapter 2, graphene field effect transistoesfatricated to study the interaction
of graphene with single stranded Deoxyribonucleic Acids NgsDand gas molecules.

ssDNA are found to act as negative potential gating agentstheése the hole density
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in single layer graphene (SLG). Later, the molecular plestmgbtion and absorption
from pristine and functionalized graphene are studied. di@odesorption induced
current decrease in functionalized graphene by concenttdid@; becomes less
significant than pristine graphene layers. Our results peoad new strategy for
stabilizing the electrical performance of CVD grown largexageaphene layers for
applications ranging from nanoelectronics to optoelectronics.

Chapter 3 reports the synthesis of grapheneidhiiNfiim as well as on the Cu
foils. It is found that the growth pressure is important grddietic on controlling the
graphene uniformity and quality using Cu-catalyst. Stesastance of graphene thin film
decreases by 30% using lay by lay transfer approachhlyHigoncentrated HN©
improves the conductivity and surface wettability of gragh&yers. The fabricated
organic solar cell based on graphene anode shows refalibvel PCE compared with
ITO-based photovoltaic cell. And two approaches of imp@WEE of graphene-based
solar cell are suggested.

The studies on the graphene hybrid nanostruchegs with chapter 4, which
demonstrates the synthesis of pillar graphene nanostructoresrising vertically
aligned MWCNTSs on graphene by in situ one-step growtiC¥ip approach. Also the
potential application of these unique graphene hybrid namtistes in energy storage is
investigated. It shows high specific capacitance and higlygdensity.

Chapter 5 demonstrates the synthesis and chaatiter of three dimensional
heterostructures graphene nanostructures (HGN) comprisimginuous large area

graphene layers and ZnO nanostructures, fabricated giaichl vapor deposition. The
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material characterization exhibits the highly crystalline ZnO siactures synthesized
on few layer graphene CVD film. Also electronic devicesmir graphene/ZnO
nanostructures/graphene show excellent electrical and glactacal properties. A
combination of electrical and optical properties of graplemeZnO building blocks in
ZnO based HGN provides unique characteristics for opptgsiin future optoelectronic

devices.
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Chapter 2 Graphene Field Effect Transistors for Studying the I nteractions Between

Graphene and Bio/gas Molecules

Reprinted in part with permission from [Jian Lin, Desalegnee€léebrhan, Khalid
Ashraf, Guanxiong Liu, Xiaoye Jing, Zhong Yan, RongMihri Ozkan, Roger K. Lake,
Alexander A. Balandin, Cengiz S. Ozkan. “Gating of Singlydr Graphene Using
Single-Stranded Deoxyribonucleic Acids”, Small, 2010, B(1A50-1155]. Copyright

Wiley. Reproduced with permission.

Abstract

In this chapter, we will present the study of therawtieon of graphene with single
stranded Deoxyribonucleic Acids (ssDNA) as well as gakeecntes by using graphene
field effect transistor (FET). In case of interaction betwgraphene and ssDNA, ssDNA
are found to act as negative potential gating agents thatsedfeahole density in single
layer graphene (SLG). Current-voltage measurement ofhjtoeid ssDNA/graphene
system indicates a shift in the Dirac point and “intrinsic” camaluce after sSDNA is
patterned. The effect of sSDNA is to increase the holeitgleinsthe graphene layer,
which is calculated to be on the order of 1.8%1€m?° This increased density is
consistent with the Raman frequency shifts in the G-pedkBnband positions and the
corresponding changes in the G-peak full-width half maramAb-initio calculations
using the density functional theory (DFT) rule out significaharge transfer or

modification of the graphene bandstructure in the preseresDNA fragments.
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In case of studying the gas molecular photodgsorpnd absorption from pristine
and functionalized graphene layers made by CVD, we figutehatwhen graphene layers
are treated with concentrated Hp®@he photodesorption induced current decrease becomes less
significant than that of pristine graphene layers. We sigtps is due to the passivation of
oxygen-bearing functionalities to CVD grown graphene structurdiectte by HNQ

functionalization, which prevents the further absorption of gatecnles. The substantial
understanding of interaction of graphene sheet with thenblecules and gas molecules
will enable the capability of improving the applications of grayghen bio-sensor and

chemical sensor.
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2.1 DNA Negative Gating Effect in Single Layer Graphene

2.1.1 Introduction

Because of the two dimensional nanostructure amablel surface chemistry,
graphene layers are sensitive to the environment and cheageats, which could
provide ways to modulate its electrical properties througtasenmodification. To date,
several different methods have been employed including tretéemical
modification[114] and chemical molecule decoration[115}1b8modify the electrical
properties of graphene layers. Deoxyribonucleic acidApPaAnd peptide nucleic acids
(PNAs) which have base sequences that offer specifi@tyatiractive assembly linkers
for bottom-up nanofabrication. Engineered ssDNA sequercesemployed in the
nanoarchitectures of end-functionalized single walled carbamotaobes for device
applications including resonant tunneling diodes, field effecsistors and biochemical
sensors[119-123]. A thorough understanding of electtiaakport through the interface
between biological molecules such as DNA and grapheneslaystill in its infancy[43].
In this work, we investigate the modulation of carrier trarisfpwough graphene layers
with overlaying ssDNA fragments via electrostatic interaction. diéeovered that the
role of ssDNA on the surface of graphene is analogouspplying a negative gate
potential in conventional silicon CMOS architectures. Raman ggecpy has been used
in monitoring the doping of graphene layers. We obseavwedll defined shift in both the
G-peak and the 2D band in the Raman spectra after thbegra layer is patterned with

ssDNA fragments.
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2.1.2 Materials and Experimental M ethods

Material Preparation: The graphene samples used in this study were extracted
from highly oriented pyrolitic graphite (HOPG) slabs via naetbal exfoliation. The
ssDNA sequence employed in this work is CGGGAGCTCAGCGSBETGGGC.
The engineered oligonucleotides (Sigma Genosys) were dilntetistilled water to
obtain the stock solution. Concentration of the ssDNA solutios g#culated to be
28.86mg/ml. After the current-voltage measuremenisV(s) of as-fabricated SLG
transistors were measured in vacuum (1.0%T0rr) at 300K, a 0,8 droplet of sSDNA
solution was patterned over the active part of the devicewetidy incubation for 30
minutes in ambient environment and nitrogen drying. Then theemt-voltage
measurement of SLG transistors with patterned ssDNA wasategeunder vacuum
(1.0x10° Torr) at 300K.

Fabrication of Graphene Field Effect Transistor (FET): The graphene samples
were deposited on p-type degenerately doped Si (18f@rsv(p++) covered with 300nm
thick thermally grown Si@Q For device fabrication, we patterned source and drain
contacts using electron beam lithography followed by the deposf source and drain
metal consisting of 10nm thick Cr and 100nm thick Au laydiesmescal BJD-1800
electron beam evaporator). To ensure that the grapheee was intact after device
fabrication, we kept the samples under vacuum until readyrfaytical characterization.

Experimental Methods. The Raman microscopy was used to identify the single
layer graphene as well as the the Raman peak positiorbefofte and after patterning

the ssDNA on the top of the SLG. The Raman microscopy eaaried out using the
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Renishaw instrument. The spectra were excited by the 488isible laser. A Leica
optical microscope with 50x objective was used to collect thispbattered light from
the graphene samples. The Rayleigh light was rejected blyalbgraphic notch filter
with a 160 crit cut off frequency for 488 nm excitation. The spectraewecorded with
the 1800 lines/mm grating. A special precaution was takemdiol éhe local heating of
the samples by the excitation laser. In order to achieve dhisneasurements were
carried out at low excitation power, below 2 mW on the damsprface. The power
density on the sample surface was verified with an Opower meter. The spectral
resolution of the instrument determined by the hardware wasm'. The spectral
resolution enhanced by the software processing of tHepmsitions was below 0.5 ¢h
The enhanced resolution of the instrument was sufficientdoraiely resolve the shifts
in peak positions in the conditions of the experiments thrduwglntizian peak fitting.
The spatial resolution was defined by the diffraction limit astdrated to be around 0.5

um.

2.1.3 Material and Electrical Characterizations

Single layer graphene (SLG) flakes were selewitdthe help of micro-Raman
spectroscopy using the 2D band deconvolution and compaoisthe intensities of the
G-peak and 2D bands [124, 125]. This approach hasepr to be reliable for
identification of the number of layers in graphene flakesaurality control. The absence

of the disorder D band confirmed the high quality of the $is€d in this study ahown
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in Figure 2.1[126]. Micro-Raman measurements werdechout in the backscattering

geometry under 488nm laser excitation [124-127].
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Figure 2.1 Raman spectrum collected from the SLG between two contttetsdavice
fabrication showing the typical features. The absence efDifband indicates that no

substantial damage was caused during the fabrication proaeds electrical
measurements.

A statistical study based on atomic force microscopy (AFM)inga of the SLG
layer before and after sSDNA patterning is shown in Figu2eThe average thickness of
the SLG layer increased from ~1.0nm to ~1.8nm, indicatiagdhmation of a thin layer
of ssDNA on top of the SLG surface. From the AFM images observe the increased
roughness of both the SiGubstrate and the SLG surface, which could be due to

nonspecific and irregular binding of ssSDNA fragments.
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Figure 2.2 (a), (b) AFM images (1.1 umx1.1lum, Z-range 15nm) aocbrdingly cross
sectional profiles of SLG before (a) and after (b) paitbgrmvith ssSDNA. The measured
thickness of SLG increases from ~1.0nm to ~1.8nm a#iBN#é patterning. And the
increased roughness (shown in two squares in imageddpy is due to the nonspecific
and irregular binding of ssDNA to the SLG. The scale bad0@m. Color bars are 10nm.

Current-voltage measurements on the SLG transsstorconducted in vacuum
(1.0x10° Torr) before and after ssDNA deposition to determine rtfaulation of
electrical characteristics. Employing a simple MOSFET modd][1Be carrier mobility
was calculated using the following equation,

Al 4 / CgWVds
AVgJS L

H= (2.1)
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where }sand Vjsare the source-drain current and voltaggs i¥ the back-gate source
voltage, L and w are the effective channel length and welthectively, and Lis the
gate capacitance of the SLG device. Based on the datashd~igure 2.3, the carrier
mobility of the SLG transistor at the room temperature be$si2NA patterning was
calculated to be-1303 cnd/(V-s), which is relatively low as compared to the regbrte
values from about 2000 éfas to 10 cnf/vs or even higher [17, 18]. This low carrier
mobility could be due to the contact resistance or the suifapurities [129, 130].
However the mobility of this graphene is enough to intertatile sSDNA and exhibiting
the affect of ssSDNA on tuning the electrical property opbeme. From the two curve
plots, we deduce that hole mobility of graphene beforeadisl sSDNA deposition is

kept almost constant.
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Figure 2.3 gV gs characteristics of SLG before (black) and after (reBNgs patterning
of SLG devices at T=300K. Source-drain bias voltage B\ The dotted lines
correspond to the Dirac point (Minimum conductance poingmFthe current-voltage
measurements, it shows: (1) the gate voltage when minimuductamce point reaches
shifts from 60V to 80V, (2) overall conductance shifts upe Top inset is the SEM
image of the SLG device used in the measurements. Twieedehannel length and
effective width are 1.8um and 0.6um respectively.

From Figure 2.3, we observe the minimum conductpoo# (when the Fermi level
is at the Dirac point) and the corresponding finite offset galiage which depends on
the charge impurity [131]. After ssSDNA is patterned on$h& devices, a parallel shift
in the minimum conductance point (MCP) is noticed, which magirate from the
creation of more charge impurities. In other words, whegatively charged ssDNA
attaches to graphene, we need to apply more positive vdlblagempensate for this

additional charge [132]. In a control experiment, we placedoplet of DI water on the
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SLG devices. Then after drying via nitrogen flow, electricedasurement under the
vacuum was conducted, and no such shift in the MCP bseaneed. The increase in the
offset of the Dirac point gate voltage is around 25V. Thaedactance of the SLG

transistor is also increased; the increased hole density thaiacesDNA patterning was

calculated to be.45x 10°cm using the Drude model,
W
ap= (R~ R/, 4 -

WhereR,, R are the resistances of the SLG device before and afbd/s patterning.
This increase in the hole density could be attributed to dewing reason: ssDNA
molecules with negative charge could act to induce a negatetic field effect (EFE)
on the SLG [43]. This EFE could effectively induce theatign of extra holes in the
graphene layer, hence the conductivity changes.

The change in the hole density is also calculated foparallel plate capacitor

model based on the shift in the gate voltage of the minisamductance point (MCP),

Cg
Ap:E e~ Vinen) (2.3)

where Vnep2 and Mnep1 are the offset gate voltage in the minimum conductance point

before and after ssDNA patterning. The excess hole geraitulated from Eq. (2.3) is

1.8x 16° /cm* which is comparable to the value calculated with the Druatdein
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2.1.4 Raman Spectroscopy Characterization

Raman spectroscopy has been intensively usedldatifying the number of
layers[133] and monitoring the doping of graphene layEh& major Raman spectra
features for graphene are the G band (optical phonomgavelengths) at ~1584¢m
and the 2D band (associated with a two-phonon state) aDeii?0in pristine SLG.
However, in doped graphene, the G band and 2D baggidncies as well as the full
width at half maximum (FWHM) value in the G peak are chdrn@®, 134, 135136,
137].

To validate that ssSDNA acting as a negative potential gagagt on top of SLG can
induce additional holes, we measured the Raman spectrupristme SLG samples
without device fabrication which may induce some contaminants residue on the
surface [138]. Next we patterned the same concentrati@sRNA on top of the SLG
samples. Then the same Raman measurement was opamnated SLG samples with
patterned ssDNA. The constant laser power below 2mW wgdoged to avoid the
flakes and the patterned ssDNA layer are not damagetbamnde out the local heating
effects [3, 71]. In Figure 2.4, we present the Ranpaetsa for which the main feature is
the shift in the G and the 2D band positions as well as theidMWAfter ssSDNA
patterning, the average position of the G peak shifts froB80df" to 1582cr.
According to measurements by Ferrari et al.[72], a shift2uiri' corresponds to a hole
concentration of approximatel3.0x 16% /cm*, which is comparable to the value based
on electrical measurements. The reduction of the FWHM e@fGhpeak after negative

ssDNA gating is similar to the previously reported resultsctmventional electrostatic
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gating [72, 134-137]A detailed explanation for the decrease in the phonon G-peak
FWHM value with an increase in carrier concentration has pesviously provided [72,

134, 135].
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Figure 2.4 Micro-Raman spectroscopy of the signature G-peak an®Bhéand for
pristine SLG and the ssDNA/SLG system. In (a) the G-pealeiigered at 1580ch
observed at 488nm excitation wavelength, shifts an average' Zfter ssDNA
patterning. (b) Second order 2D band shifts by ~4ama result of ssDNA patterning.
Both signature peaks also show relative shortening of tgpective full width half max
(FWHM) values.

Apart from the interpretation of the G peak, the 2D pwaknates from a second-
order, double-resonant (DR) Raman scattering mecharid6).[We measured the shift
of the 2D peak position after sSSDNA patterning. In our measents, the 2D band line is
averagely centered at 2685¢rhefore ssDNA patterning and shifted to 2689cafter
ssDNA patterning, which is in agreement with the previoubtgioed results [134, 137].

The observed decrease in the FWHM in the 2D band caulduk to the fact that the
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electrostatic interaction between DNA and SLG could furthedifwothe 2D band
behavior.

The behavior of the G peak shows that ssDNA fraggnewuld provide a negative
electric field gating effect on graphene layers. The effessDNA is that, as a negative
potential gating agent, sSDNA can modulate the Fermi level hycimg excess hole
carriers. This shift of the Fermi level results in the exjmenef the equilibrium crystal
lattice parameter with consequent stiffening of phonons andrtbet of effects beyond

the adiabatic Born—Oppenheimer approximation [72, 139].

2.1.5Modeling and Theoretic | nvestigation

The experimental data indicates that patterning of AsBaNises an effective p-
doping of the SLG. This could be the result of negativegedsaassociated with sSDNA.
However, there are two other hypotheses that one couldtigate on: (1) p-doping of
the SLG could result from charge transfer between the &@ld3he ssDNA. (2) The shift
in the current versus gate-voltage curves could result daamodification of the SLG
band structure due to an interaction with the ssDNA. Hypotibtiave found negative
results for both of these hypotheses.

In order to investigate the above two possibilities paormed ab-initio density
functional theory (DFT) calculations of adenine and guanase® physisorbed on a SLG.
We focus on the bases since any charge transfer sbocindl in the frontier orbital, and
the frontier orbital of SSDNA lies on its bases. Furthermang, interaction that might

modify the band structure of the SLG would likely be medidig then-orbital of the
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bases interacting with theorbitals of the SLG. This is analogous to the interaction of
ssDNA bases with carbon nanotubes that has been obsesi¥dA has been found to
wrap around SWNTs and form helices [121, 122] with theeb physisorbing on the
graphitic SWNT surface [140].

The graphene supercell used in the calculatiomsiste of 16 atomic layers in the
zigzag direction and 12 atomic layers in the armchair direcflosingle nucleoside is
placed above the graphene sheet. Both adenine and guaciresides were simulated.
The initial structure of the base on the graphene layetakas following the results of
Meng et al. where the structural properties of ssSDNA phystsbon SWNTs were
determined using directional optical absorbance and ab-initio dependent DFT
methods [140].

Calculations are performed using the DFT imptast by the ab-initio tight-
binding molecular dynamics code FIREBALL [141-143]. THLYP exchange
correlation functional is used with a double numestlocalized orbital FIREBALL

basis. In the self-consistent field calculation, a Fermi sngpéemperature of 50K and a

self-consistent convergence factorl6f® are used. The 2-D Brillouin zone is sampled

with 6 k-points in each direction during optimization. Structuaes relaxed until all

Cartesian forces on the atoms are < 0.0526V The relaxed structure of SLG with the

physisorbed adenine neocleoside is shown in Figure 2Blj&).distance between the

SLG plane and the adenine base is approximatelyA3.35
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Figure 2.5 (a) An adenine neocleoside on the graphene superceEn@rgy versus k
relation of a pristine graphene sheet along the armchaitidiveé supercell is used for
repeat unit that contains 16 layers in the zigzag direction 2ridygrs in the armchair
direction. The dotted line shows the charge neutral Fermi ¢éwbke system. (c) Energy
versus k relation of a graphene sheet with physisorbediredeneocleoside. The
dimensions of the graphene supercell is identical to the @tefas (b). The dotted line
shows the charge neutral Fermi level of the system.
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The calculated charge transfer from the SLG to adeisi®.02 electrons, and the
charge transfer from the SLG to guanine is 0.09 elect®oth values are very small.
This is expected from a consideration of the energy leVéls ionization potentials of
adenine and guanine are 8.5eV and 7.85eV, respectividy. The electron affinities of
adenine and guanine are of the order of 0.95 and \1,5&epectively [145]. The work
function of SLG is 4.5 eV [146]. The occupied energ\els\wf the bases lie well below
the Fermi level of SLG and the unoccupied levels are welleabwe Fermi level. Hence,
the weak interaction through theorbital should not cause charge transfer from SLG to
the bases since the HOMO levels are already filled. To alaieeffective hole doping
of ~2.0x10° /cm®, assuming an average charge transfer of 0.05 elecur@ndase,
would require an areal density of base monome.@f 16° /cn’. This value is more
than an order of magnitude higher than the density thastismaed. Therefore, it is
unlikely that this charge transfer is responsible for the r@ppahole doping that is
observed.

The energy versus wavevector relation for prisih€& is shown in Figure 2.5(b),
and the energy versus wavevector relation for SLG witihiadenucleoside is shown in
Figure 2.5(c). The SLG band structure is unaffected ey ddenine base. Most
importantly, the band crossings at the Dirac point are lethamged. Therefore, we
cannot attribute the shift in the current versus gate voltagesto a change in the band

structure of the SLG.
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2.1.6 Conclusion

We demonstrated that sSDNA fragments act as negatiential gating agents
resulting in an increase in the hole density in grapheregday using current-voltage
measurements, we computed an increase in the hole dewiitya value of about
1.8x10? cm? based on both the change in resistance and the shift iroltage of the
minimum conductance point. This value is consistent with the-pesikion shift of the
G band and the 2D band of the Raman spectra. We ruledhanges due to charge
transfer or modification of the SLG bandstructure due to ghesence of ssDNA.
Furthermore, we discussed the relationships between the gdtetg induced by the
ssDNA fragments and the change in the phonon frequeamay, demonstrated that
patterning of biomolecules on graphene layers could prawisie avenues to modulate

their electrical properties.
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2.2 Gas Molecular Absorption and Photodesor ption in Pristine and Functionalized
Large-area Graphene Layers
2.2.1 Introduction

Graphene, isolated in 2004[11], has been denatexd as a major potential
candidate for a variety of applications including chemical-[39] and bio-sensors[43]
owing to the its extremely sensitive planar structure, wlaeldity absorbs the molecules
acting as donors or acceptors. Since then, a numbeheoietical [34-36] and
experimental [33, 37-41, 147, 148] studies have investigéite molecular absorption
and desorption behavior of mechanically exfoliated or chaiyiderived graphene and
graphene oxide layers. Recently, the utilization of chemigabivdeposition (CVD) in
the synthesis of uniform large-scale graphene layers m@®véd promising route of
meeting the industrial needs for processing on large sulssfié4]. However, only a
few experimental studies so far have investigated the moitephlodesorption and
absorption behavior of CVD grown graphene layers aeid thnctionalized counterparts.

Here, we describe recent research on moleghtap-induced desorption of pristine
and nitric acid (HN@) treated CVD grown graphene field effect devices untteviolet
(UV) light illumination in the presence of oxygen and ammonigectrical
characterization including time evolution of conductivity, transfearacteristics, and
sheet resistance show the photodesorption of gas moleitatespristine graphene
layers. The presence of HN@veakens the photodesorption induced current reduction

behavior in functionalized CVD grown graphene layers. pbtntial mechanism was
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determined by comparison of electrical measurements ior@isn and desorption

processes of pristine and Hi@eated graphene layers.

2.2.2 Materials and Experimental M ethods

Synthesis of Graphene by CVD: In the CVD growth process, graphene films were
synthesized on nickel thin films at 900°C using a highly dilutegthane gas source
under ambient pressure conditions in a hot wall furnacenr@ick Ni catalyst films
were deposited by electron beam evaporation on Si/SiDstrates. Nickel deposited
substrates were heated to 900°C in an Ar8D0:300 standard cubic centimeter per
minute- sccm) atmosphere and annealed for 30 minutesian tw increase the nickel
grain size. After flowing methane (30sccm) mixed with Ar&t 900°C under ambient
pressure for 1 minute, the furnace was cooled down@ aba medium/fast cooling rate
of 10°C/s. After that, the residual Ni layer underneath weled in a mild 3% HCI
agueous solution.

FET Device Fabrication: Each graphene film was transferred onto a S¥SiO
substrate with highly doped Si back-gate electrode anchr30thermal oxide gate
dielectric. The few-layer graphene film was patterned inttangular shapesuth-wide
and 2@m-long by photolithography and reactive ion etching (RIEXtN®ur-terminal
devices were fabricated by photolithography followed bytelacbeam evaporation of
Ti/Au (8nm/80nm) which forms Ohmic contacts to graphenefoi®e electrical
measurements were performed, all of the devices werakathunder flow of 200sccm

Ar and 200sccm Kat 400°C for 1 hour to remove any organic residues. the
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comparison experiments: after all the electrical measurementscampleted, the same
graphene field effect (GFET) devices were treated intB%/WNO; for 5 minutes and
rinsed with DI water followed by Nolow-drying.

Experimental Methods: A Renishaw Raman microscope with a 514nm laser source
was used to characterize the doping process by JHifi@ctionalization. The
backscattered light from graphene samples was collected Va@lx abjective lens. To
avoid the local heating effects by the excited laser, a lowation power with 2mW on
the graphene surface was used. The spectral resolutitve aistrument determined by
the hardware was ~1 émThe spectral resolution enhanced by the software pingess
of the peak positions was below 0.5tm

For photodesorption measurements, UV illumination with a wagtieof 365 nm
and power intensity of 4W/civas employed and kept at a distance of 10cm from the
graphene samples. For the electrical measurements, afl sathples were placed inside
a vacuum chamber connected to gas purging system. &lkeatlectrical measurements
were conducted under room temperature using a progralamdgilent 4155C unit
interfaced to a computer. For thgV 4 transfer characteristics, a constant 10mV source-
drain voltage was applied to the samples while the source-clraient §s was recorded
as a function of the sweeping gate biag Wor the photodesorption and absorption
measurements, we kept the source-drain voltage con$ta@tmy and monitored thed
varying with time. In data analysis, we normalized the measconductivity values by
the initial conductivity. For absorption and desorption proogsasurements, initially all

of the devices were fully degassed by UV illumination appliad current flow under
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vacuum. Next, the devices were exposed to dry air amgdaous NH (99.995%,
HO,<1ppm) and the electrical conductivity was measured ovexr wimle the chamber

pressure was varied by controlling the amount of gas imabeum chamber.

2.2.3 Molecular Absorption and Photodesor ption of Pristine Graphene

From the Raman spectra shown in figure 2.6camesee that CVD grown graphene
films are generally composed of single layer region ds agepartial few layer region
(less than 5 layers)[113]. Unlike the mechanically exfoliajemphene, although there
generally exist defects or vacancies along the catalyshdaoies generated during
growth in CVD graphene, the small ratio of G peak to D gemk the Raman spectra of
SLG (single layer graphene) and FLG (few layer grapherdcates the relative low
defect density states. The photoelectrical characterizatipristine graphene field effect
transistor (GFET) devices was carried out in the ambientamaignt under UV light.
The fabricated GFETs are shown in the inset of Figure. ABo we can see that upon
exposure to the UV light, the graphene layer conducti@Giydecreased and then slowly
recover to a certain level when the UV light is turned ©Hfis decreased conductivity
was thought to be caused by oxygen photodesorption thhencarbon material [37, 41,

149-151].
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Figure 2.6 Molecular photodesorption of CVD grown graphene layef®rbeHNG;
treatment. (a) Raman spectra of CVD grown graphene tintficaingle layer and few-
layer graphene region. (b) Normalized conductivity Gi@tial conductivity: G=(4kQ)’
1 of a GFET vs time during UV illumination cycles in ambient &haded and un-
shaded regions represent the UV-on and -off periogecésely. The inset is the optical
image of a four-contact GFET device. (c) Transfer attarsstics of GFET under
continuous UV illumination in vacuum (p=10mTorr). Inset: Cgpandingly extracted
transconductance of the same device. (d) Sheet resisthacges with time under UV
illumination. (e) Normalized conductivity [initial conductivity; €4.4k2)™] ] of GFET
devices during Nklabsorption and photo-desorption cycles. Shaded regpnssent the
UV-on periods. The samples were degassed beforsalNsbrption and photo-desorption.
() Transfer characteristics of NHbsorbed GFET under continuous UV illumination in
vacuum (p = 10 mTorr).
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The transfer characteristics of graphene bdseides under exposure to continuous
UV light at different time durations are demonstrated in Figuée. Zrom the ¢kVgs
characteristics the hole and electron mobility of graphenebeaestimated. Using the
equation in reference[152] we estimated the carriers mobiityraphene to be about
1560 cni/(V-s) for holes and around 1300 %(¥'-s) for electrons. And carriers mobility
of all the devices used for study is in the range of 10886-tnf/(V-s) for holes and in
the range of 950~2780 éf{V-s) for electrons. Besides, from figure 2.6c it carséen
that the Dirac point of the graphene device was initially at +T@icating the usual p-
type doping effect in graphene layers [37, 151]. Aatieg shift of the Dirac point to
~5V (close to the intrinsic) after 60 minutes of exposutd\tdight demonstrates the UV
de-doping effect, which was consistent with the result that Melight induced the
desorption of oxygen from the graphene layers[37]. €k&acted transconductance
(inserted in figure 2.6¢c) of graphene device under coatia UV illumination for 60
minutes keeps almost constant in the whole voltage sweep evggehas slight increase
for the p-channel conductance. This indicates that mobilityraphene layers does not
degrade as the continuous UV illumination, which shows thaillumination does not
induce external defects to the graphene layers. To sesdfdoe of UV on the graphene
layers, we measure the sheet resistance which is incréasedd70 ohm/sqr to 620
ohm/sqr after 1 hour UV illumination (see figure 2.6d). As pineviously stated that the

carrier mobility of graphene layers does not change withlldmination the decrease of

conductivity o =—=nue ( p resistivity, n carrier concentratiory mobility) indicates
o
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the decrease of carrier concentration. Assuming that camility equals 1500

cm?/(V-s), the decreased carrier concentration is estimated Bo2b&G?cm2. The
reason of the increased sheet resistance (or decre@sdaktivity) of graphene after the
photodesorption of oxygen, we believe, is that oxygen mi@sauhich act as electron
acceptors in graphene are desorbed from graphens lay&sV illumination[33, 37, 41,
151].

In order to investigate the photodesorption behavipristine CVD graphene layers,
NH3; (ammonia) was flown into the vacuum chamber (at 10m;Tangd then the pressure
was maintained at 10 Torr after GFET were degassedWyahumination. From Figure
2.6e, the constant conductivity upon UV illumination before thicing NH indicates
that the samples are fully degass®imilar to previous observations in carbon nanotubes
[149], the conductivity of graphene layers increasestdude n-type doping[41, 153]
when NH molecules are absorbed onto the graphene layers, andgbeeases upon UV
illumination (in figure 2.6e). However unlike NHphotodesorption and adsorption to
CNT in the repeated UV -on and -off cycles [149], apeated adsorption of NHs
noticed for graphene layers when the UV light is off. Simitapbservations in CNTs
[149], non-recovery and downward shift of conductivippears due to the remaining co-
adsorbed oxygen in the chamber. Figure 2.6f exhibitsréimsfer characteristics of NH
doped GFET device under the illumination of UV light for diéietr time durations. The
shift of the Dirac point from -60V to -5V after 40 minutesWy illumination indicates

the photodesorption effect of NH
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2.2.4 Molecular Absorption and Photodesor ption of Functionalized Graphene

Recently, highly concentrated nitric acid (HiNiias been employed to increase the
conductivity in CVD grown graphene layers for the applicatiooptoelectronic devices
[51]. It would be interesting to investigate the photoelectriespond in HN@ treated
CVD grown graphene layers. The Raman spectra collectad the same single
graphene layer range before and after Hi@atment is shown in Figure 2.7a. The large

blue shift of the G peakX=8.5 cnmi") indicates that the graphene layer is strongly p-type

doped [72, 152]. Inset is the Raman spectrum of singk lgsaphene region chose for
comparison experiments. Transfer characteristics of CVETSHefore and after HNO
treatment are shown in Figure 2.7b. The positive shift ofCtinac point after HNQ@
treatment can be clearly observed. It verifies that kld@ffectively providing p-doping

in graphene layers.
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Figure 2.7 (a) Raman spectra of pristine and HNteated CVD grown single-layer
graphene region. About 8.5¢nof a blue shift for the G peak is observed in the spectra
showing the strong p-type doping effect of HN@set is the Raman spectrum of single
layer graphene region chose for comparison before atedt HNGQ treatment. (b)
Transfer characteristicsqdV4) of GFET measured under vacuum (p=10mTorr) before
and after HN@ functionalization.

To investigate the effect of HNOn the molecular photodesorption behavior of
graphene, time-dependent photodesorption experiments wedeiated on pristine and
HNO; treated GFETs. Here we present comparison data froreathe devices where
consistent and similar results were obtained in more thardelices which were
fabricated from the same CVD grown large-area grapfieme Upon continuous UV
illumination, the conductivity of pristine graphene layers dem@ay 52%, while the

conductivity of HNQ treated transistors decreased only by 21% (Figure 2.8).
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Figure 2.8 Normalizedconductivity G/G [initial conductivity G =(3.1k2)™] ] of CVD

grown graphene layers before and after Hf@ctionalization vs time in vacuum (p =
10 mTorr).

In a previous study on photodesorption on thiaseiof a metal oxide layer, it was
shown that the amount of desorbed gas molecules in thedelsotption process was
related to the states of the defects [154]. It is well knovat, thnlike mechanically
exfoliated graphene layers, in CVD grown graphene layleese generally exist dangling
bond (DB) defects or vacancies along the catalyst boigsdgenerated during growth
[52, 112, 113]. Although the gas molecules can be abdayb the graphene surface [41],
the structural defects may play an important role in mole@abaorption in graphene
layers and CNTs [36, 155]. Treatment with HNOr a short time is not destructive to
the graphene surface structure[51] but it is enoughhi®DB defects to be reactively

bonded with oxygen-bearing functionalities induced by the HNEB]. Hence, such
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functionalization readily passivates the structural defects wikygem-bearing
functionalities, thus reducing the absorption effects in gmaptayers.

To further elucidate the effect of HN@Nn the molecular photodesorption behavior
of graphene layers, we compared the real-time absorptidndesorption processes of
pristine and functionalized GFETs under varying ambient pres$Ve discovered that
the conductivity of pristine graphene layers increased 0% 8n absorbing oxygen)
while for functionalized layers it kept almost constant, as shovigures 2.9a and 2.9b.
Similarly, Figures 2.9c and d indicate that the increasenduwdivity for pristine GFETs
was much more than the functionalized GFETs when abgpMii3 (84% to 16%). As
shown in Figure 2.9d, a decrease in conductivity is obsemitially when NH was
introduced into the vacuum chamber, because d\ihates electrons to the p-type doped
graphene layers (by HNGQunctionalization). This absorption phenomenon indicates that
a prior HNQ treatment greatly changes the electrical properties of @élyn graphene
layers in their molecular absorption behavior. Comparingehelts in Figures 2.9c and
2.9d for desorption process under §khe reduction in conductivity (84%) of graphene
layers before HN@functionalization is much more than the case after functionializa
(11%). Comparing the desorption processes in air and, Mk find that @ cannot be
desorbed from the graphene layers while;/gkh be desorbed almost fully to restore the
original state by decreasing the chamber pressure (cmmparf Figures 2.9a with 2.9c,
and 2.9b with 2.9d). This could be due to the fact thdtad a greater absorption energy

[36].
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Figure 2.9 Molecular absorption and desorption of CVD grown graphlayers before
and after HN@functionalization under different pressures. (a) Normalizaalactivity
GIG [Gi = (4.6k2)™] of graphene layers before functionalization in air undéerent
pressures. (b) Normalized conductivity ;[6(3.9k2)] of graphene layers after
functionalization in air under different pressures. (c) Noimed conductivity [G
=(4.2kQ)™] of graphene layers before functionalization inJNtder different pressures.
(d) Normalized conductivity [G=(5kQ)™] of graphene layers after functionalization in
NH3 under different pressures. All of samples were degasseer UV illumination and
voltage annealing under vacuum prior to electrical measuntsme

62



2.2.5 Conclusion

Electrical characterization of pristine CVD growaghene layers indicates that the
decrease in conductivity under UV illumination is mainly attriblgato the
photodesorption of ©or NH;. The existing structural defects in CVD grown graphene
layers may play an important role in the absorption of gdsaules, which will be the
subject of future research. HN®@unctionalization may readily passivate the structural
defects with oxygen-bearing functionalities, thus reducing lbseration effects in CvVD
graphene. Our research provides a significant contribtiticomderstanding the photo-
induced molecular desorption process in graphene layatare research in graphene
electronics is aimed at achieving the heterogeneous integrdtiange area graphene
layers to CMOS architectures for two major purposes: @)iging novel interconnects
that could surpass the known performance metrics of copjgeconnects, (b) providing
simultaneous thermal spreading for effective near junctionmédetransport. The
development of a new doping methodology for grapheneday#l provide the means to

achieve these goals.
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2.3 Conclusion

In this chapter, graphene field effect transistaes fabricated to study the
interaction graphene between single stranded Deoxyribonuatads (ssDNA) and gas
molecules. ssDNA are found to act as negative potential gadjegts that increase the
hole density in single layer graphene (SLG). Later, théecntar photodesorption and
absorption from pristine and functionalized graphene faiedcdy CVD process is
studied. The photodesorption induced current decreasenatidoalized graphene by
concentrated HN@becomes less significant than pristine graphene layers G28mto
21%). Our results provide a new strategy for stabilizing thetr&cal performance of
CVD grown large-area graphene layers for applicationgimg from nanoelectronics to
optoelectronics. Overall, the substantial understanding of atitgnaof graphene sheet
with the bio-molecules and gas molecules will enable the capabflitpnproving the

applications of graphene in bio-sensor and chemical sensor.
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Chapter 3 Graphene Synthesis by Chemical Vapor Deposition and Its Application

in Organic Solar Cell

Abstract

The graphene layers are synthesized both omlnick film and copper foil by
CVD process. It is more difficult to control the uniformitygriphene films grown from
Ni thin film than the one grown from copper foils. Materiaqudcterizations indicate that
the number of graphene layers synthesized on Nickel thinidilimetween 1-5 layers.
While, the number of graphene layers synthesized on cégpean be tunable, from 95%
of layer with uniform single layer to non-uniform above teyeta depending on the
growth conditions. Readily, the defect states exist in CVDlgnap layers. The carrier
mobility of graphene grown by CVD process is compardblethe mechanically
exfoliated graphene layers.

To lower the sheet resistance of graphene fibrtsaasparent electrodes, the layer
by layer transferred method is employed by utilizing unifeimgle layer graphene
grown from copper foil. The effect of the chemical funcéiization using highly
concentrated HN@in the graphene is to improve the conductivity and susast&ability.
Lastly, compared with ITO-based organic photovoltaic sty the fabricated graphene
based solar cell exhibits relatively lower power conversitiniency (PCE). To improve
PCE of graphene-based organic solar cell, some apm®ékh synthesizing the uniform
few-layer graphene film with high quality using Cu catalystscontrolling the growth
conditions (growth pressure and the cooling rate) and inmgydhe surface wettability

by interfacial chemical engineering are suggested.
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3.1 Introduction

Currently, widely applied transparent electrodesptoelectronics are indium tin
oxide (ITO) and fluorine tin oxide (FTO). However, thesetah oxides show some
drawbacks: high cost because of the rare element-indneriow mechanical flexibility,
limited optical transmittance at the near or infrared regiow, the instability when
exposed to acid or some chemicals. Therefore, substitufidhese metal oxides in
optoelectronics with other cost-effective and higher qual@yenials becomes important
research topic. Recently, newly explored atomic layer maddgraphene has drawn
dramatic attentions as transparent electrodes because ofigiol@n-cost, chemical
alertness, broad optical transmittance region[48, 49]. Hexyétvhas not entered the
industrial applications because of the limitation of synthesis methke mechanical
exfoliation or liquid exfoliation until the recent advance of cluaivapor deposition
(CVD) in synthesizing continuous and wafer-size single lgyaphene films with high
quality[51, 53]. It provides the pave of substituting the IGiG~TO with transparent and
conductive graphene film in optoelectronics.

Herein, we report the synthesis of large-arephgr@e films from nickel thin films
and the copper foils using CVD approach. Usually, thidoumity of graphene films
grown from Ni is more difficult to control than the one grofwom copper foils. While
under low pressure the uniform single layer graphenéeaschieved from Cu-catalyst.
The organic solar cells are fabricated using four-layaplggne films as anode by lay-to-
layer transfer technique. HNG@mproves the conductivity and the surface wettability of

graphene in the application of anode in photovoltaic cells.
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3.2 Material Synthesisand Experimental Methods
3.2.1 Material Synthesis

In the CVD growth process, graphene films vegrghesized on nickel thin films at
900°C using a highly diluted methane gas source undeieatpressure conditions in a
hot wall furnace. 200nm thick Ni catalyst films were deposibgd electron beam
evaporation on Si/Sisubstrates. Nickel deposited substrates were heated to B0&iC
Ar/H; (300:300 standard cubic centimeter per minute- sccm) ptrecs and annealed
for 30 minutes in order to increase the nickel grain gifter flowing methane (30sccm)
mixed with Ar/H, at 900°C under ambient pressure for 1 minute, the famas cooled
down to 25°C at a medium/fast cooling rate of 10°C/s. Afiat, the residual Ni layer
underneath was etched in a mild 3% HCI aqueous solution.

In case of synthesizing graphene on coppiér tiee single-layer or few-layer
graphene films were grown on 25 um thick copper foilgdipased from Alfa Aesar,
99.8%) at 1000 °C through chemical vapor deposition. Irfithiestep of synthesis, the
copper foil was inserted in the middle of heating zone ofjtretz tube. Then the foil
was heated to 1000 °C with flowing 30 sccmat various pressure (from 0.5 Torr to 40
Torr, shown in table 1), and annealed for 30 minuteswutite same flow rate and
pressure to increase the Cu grain size. After flowing #sengixture of Chand B with
flow rate of 60 sccm and 30 sccm respectively for 20utes) the temperature was
cooled down to room temperature at medium/fast cooling rat®@siC/min with flowing
200sccm H at constant pressure as growth pressure (shownlentpbAfter the growth,

we spun coated the top of the copper foil with poly (methgthacrylate) (PMMA) at
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speed of 1000 RPM for 30 seconds and then bake®&C¥dr 5minutes. Subsequently
oxygen plasma (STS Reactive lon Etcher (RIE)) was eyadito remove the graphene
grown on the rear side of the copper foil. Then grapligme, on top side of Cu foil
protected by PMMA were released by etching the Cu foiMnFECI3 solution, followed
by subsequent cleaning in mild HCI aqueous solution (5%) @And/ater. After the
graphene films were transferred to Si/SiO2 or quartz subesttiae PMMA was resolved
using acetone followed by Isopropyl alcohol (IPA). The lehgynthesis procedures are

indicated in the following schematic (figure 3.1).

(A) | Scrubber

HZ
Y b |
=

Graphene Film

Cooling ~RT ” Etching of Ni/Cu
Ar HCI/FeCl,

Exhaust

(B)

Graphene
Film

on desired
substrates

Figure 3.1 Schematic of synthesis of large-area graphene films bynichke vapor
deposition (CVD). (A) Schematic of vacuum tube furng@. Synthesis and transfer
procedure of graphene by CVD.
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3.2.2 Graphene FET and Solar Cell Devices Fabrication

Next, each graphene film was transferred onto a Si/SiDstrate with highly doped
Si back-gate electrode and 300nm thermal oxide gate diel€ldtre few-layer graphene
flm was patterned into rectangular shapesimzZwide and 2(m-long by
photolithography and reactive ion etching (RIE). Next, foumieal devices were
fabricated by photolithography followed by electron beampesation of Ti/Au
(8nm/80nm) which forms Ohmic contacts to graphene. Bedtwetrical measurements
were performed, all of the devices were annealed ufwerof 200sccm Ar and 200sccm
H, at 400°C for 1 hour to remove any organic residues.

To fabricate the solar cell devices, first of allirfdéayer graphene films with
transmittance of 90% were transferred to glasses by layaydo transferred methods
described in paper[51]. Then highly concentrated nitrid a@as employ to dope the
graphene layers as well as to improve the surface wettakiliigh improved the
adhesion between graphene and the polymer. After thak coetacts (Ni/Au:30/2100nm)
was E-Beam evaporated on the edges of the grapherse Tilre whole solar cell devices
fabrication process was done in the nitrogen environmemnhloda Firstly, poly-3,4-
ethylene-dioxy-thiophene:polystyrene sulfonate (PEDOT:PSBaytron PTM) was
spincoated (2000 rpm) from aqueous solution (after pgsisimough a 0.44m filter), and
then baked at 150°C for 10 min. The active-layer wasespently deposited by spin-
coating a mixture of P3HT (1.0 wt%) and PCBM (1.0wt%) aligsd in ODCB at 700

rpm for 50 s, then annealing the cell on hot plate at 120’80 minutes. LiF/aluminum
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(1nm/80nm) cathodes were finally thermally evaporated protahe solar cell through a

shadow mask with 4mmx4mm square openings.

3.2.3 Experimental Methods

Raman characterization: A Renishaw Raman microscope with a 514nm laser
source was used to characterize the quality of grapfédmeebackscattered light from
graphene samples was collected with a 50x objective lenavdid the local heating
effects by the excited laser, a low excitation power with 2rmAthe graphene surface
was used. The spectral resolution of the instrument detedrbynéhe hardware was ~1
cm’. The spectral resolution enhanced by the software miogesf the peak positions
was below 0.5 ch

Electrical and Solar Cell characterization: For the electrical measurements, all of
the samples were placed inside a vacuum chamber conneaed purging system. All
of the electrical measurements were conducted under r@onperature using a
programmable Agilent 4155C unit interfaced to a computer.tke lds-Vgs transfer
characteristics, a constant 10mV source-drain voltage pg@lged to the samples while
the source-drain current Ids was recorded as a funcfidime sweeping gate bias Vgs.
The solar cell measurement was done using a Xe lampp@®teInc.:AM 1.5 G filter —

1.3 suns) and Agilent 4155 Semiconductor Parameter Aealy
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3.3 Results and Discussion

3.3.1 Growth Kinetic of CVD Graphene Synthesized on Ni Thin Filmsand Cu Foils
Optical microscopy inserted in the figure 3.2 shake single, bi-layer and few-

layer graphene regions from Ni thin film, which are pubva the Raman spectra

exhibited in figure 3.2. Usually, the grown graphene onhiti film shows non-uniform

different layers of graphene because of the large nasblobility in nickel.
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Figure 3.2 Raman spectrums of monolayer, bi-layer and few-layeld @Qiown graphene
on Ni thin film. Individual spectra correspond to spots indicatedhe graphene layer

(inset optical micrograph), in which the darker spots reptetbécker graphene layers.
Excitation wavelength is 514 nm.
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The typical morphology of graphene layer is shawTEM and AFM images (see
figure 3.3). The variance in film thickness is indicated witfVAimaging. The height of
section extracted from the AFM image along the layer edfjeates that the thickness of
the graphene layer is around 1.5nm corresponding téafgaw graphene. Electron pattern

inserted in the TEM image proves few-layer graphene region

‘a)

Graphene ——

Figure 3.3 (a) Transmission electron micrograph of a few-layer ggapharea grown
from nickel thin film and the corresponding electron diffractiattern. (b) AFM image
of a selected few-layer graphene region, color scaléeskdnm. The inset figure shows
the height measurement on the position indicated by the red'fieemeasured height is
around 1.5nm indicating the presence of less than 5 gmagdhayers.

Other than synthesizing graphene on Nickel thin fikm, synthesized graphene
films using copper foils as the catalysts. To investigate toth kinetic in CVD
synthesis of uniform large-area graphene layers on cdpje we employed different
growth pressures while keeping other factors the constduet.d€tailed experimental

methods are described in the synthesis section and in theifgléable 1. The quality
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and thickness uniformity of graphene were characterized eytltal microscopy and
Raman spectroscopy exhibited in figure 3.4. Comparing piead images from a to f,
we can see that graphene synthesized at the high pré$60rd@orr) shows large-area
multilayer region with over 10 layers (figure 3.4a). Whenghewvth pressure decreases,
multilayer region becomes smaller and the single layer domareases (from figure
3.4b to 3.4d). By further lowering the growth pressure2tdorr, the single layer
graphene up to 95% of the whole surface was achievgdrdf 3.4f). These results
indicate that graphene growth using Cu catalysts is notypse#tlimiting as reported in
the reference[53]. As we know, of the entire growth kisetooling rate is also very
important fact. Researchers successfully synthesizedrifierm bi-layer graphene by
controlling the cooling rate[157].The fact that that thicknesguality of the graphene
layers grown from Cu foil highly depends on the growtispure implies that by further
controlling the growth pressure and the cooling rate the nmifew-layer (3-10 layers)

graphene films with high quality could be achievable.

Table 1 Graphene samples synthesized using copper foil at vari@ssyses under
constant growth temperature and constant gas composition.

Annealing Pressure Growth Pressure
(Torr) (Torr)
S1 40 160
S2 20 80
S3 10 40
S4 2.5 10
S5 0.5 2.0

*Note: In all of the experiments, annealing temperature and gr@mtpdrature are 1000
°C. Gas composition of +Hand CH is 1:2 (30:60 sccm).
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(c) (d) (e)

Figure 3.4 Optical images and the corresponding Raman spectra ofeima@asgraphene
(from copper) on 300 nm SiG&ynthesized under different growth pressures (shown in
table 1) using Cu as a catalyst at the same methane gamsiboms and growth

temperature: (2)S1; (b)S2; (c)S3; (d)S4; (e)S5. Scaleagsm.

Raman analysis on the graphene layer growerutifferent growth pressure was
performed to study the defect states or quality of grapheyex. The Raman spectra
shown in figure 3.5a and 3.5b were collected from multilai@nains (sample S1 and
S2). The convolution of G and 2D peak proves that thesewnultilayer graphene. As
the growth pressure decreased, the defect states (sgkpPdecrease (see figure 3.5¢, d,
e), which indicates that the growth pressure plays importaetik in the quality of
graphene. And the shape of 2D peak and the ratio oto2B peak show that the
graphene grown under S5 condition readily shows singé @raphene which composes

the 95% of the total area.
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(a) (b) {©) - (d) (e)

Figure 3.5 The corresponding Raman spectra of transferred graplfierm copper) on
300 nm SiQ synthesized under different growth pressure (shown la figlusing Cu as
catalyst at the same methane gas compositions and growpertgare: (a)S1; (b)S2;
(c)S3; (d)S4; (e)S5. Excitation: 514 nm.

Using the same developed method as the samp@b%bmonolayer graphene film
with high quality can be synthesized (shown in figure 3.Bg)stacking the single layer
graphene films to form few layer graphene films the sreststance can be deceased. For
the industrial application of graphene as transparent eledtiedgheet resistance has to
be less than 100 ohm/sgr with at 90% optical transmittance.eVhkving optical
transmittance spectra of graphene layer films that areférasd using layer to layer
stacking are shown in figure 3.6b. The optical transmittaficengle layer graphene is
around 97.9%. The transmittance decreases around 2.39%o-2vith one additional

layer[4]. With four stacking layers the optical transmittancarasind 90%.
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Figure 3.6 (&) Raman spectra indicating single layer graphene growcopper foil by
CVD process using the same conditions as S5. Excitation Bsérnm. Inset is the
optical image of monolayer graphene on Si substrate witmmB08iG. (b) Optical

transmittance of layer by layer transferred graphene filmguartz substrates.
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3.3.2 Organic Solar Cell Based on Few-layer Graphene

The sheet resistance with 90% optical transmittancehanglurface wettability of
graphene thin films are critical in application as transparentretkss in organic solar
cell. Usually sheet resistance of single layer graphenewitmsize of 1 inch developed
in our group is around 1.5K ohm/sqr. By employing thetay layer transfer technique
adding one more layer of graphene the sheet resistanaewi#ase by around 25% (see
figure 3.7a). With four-layer pristine graphene the shesstance is around 800 ohm/sqr.
Employing different chemicals like HN{®1] or AuCk[55] can dope the graphene films.
Here we employed highly concentrated HN@ decrease the sheet resistance of
graphene films (shown in figure 3.7a). After HNteatment the sheet resistance of 1-4
layer graphene respectively decreases by 30%. Otherthgnwe found out that the
contact angles of 1-4 layer graphene films respectivalyedse (see figure 3.7b), which
indicated that the surface energy of graphene decretmeH{IO; treatment. HN@
treatment improves the surface wettability of graphene layées.hydrophilic interface

may improve the adhesion between the organic polymethengraphene[47].
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Figure 3.7 The effect of highly concentrated HY®©On the sheet resistance and surface
energy of graphene films with different number of lay€ey. Sheet resistances Rf
graphene films before and after HN®eatment. (b) Contact angle of graphene films
before and after HNg{treatment.

Figure 3.8a shows the device structure of ocgswiar cell based on graphene anode.
From the energy diagram exhibited in figure 3.8b we cartlsg with light illumination
the hole/electron pairs that are excited from active bulk-tjetections of P3HT and
PCBM are separated. Then electrons diffuse to Li/Al electeodkthe holes diffuse to
graphene anode. And the buffer layer PEDOT:PSS with Wworgtion of 5.0eV lowers
the hole-injection barrier between graphene anode (4.8eW)P3HT (5.0eV), which
enhances the holes collection in graphene anode. |-V atBestic of the photovoltaic
cell based on graphene anode is shown in figure 318e.sblar cell had open-circuit
voltage (Mo of 0.62V, a short-circuit current densityJJof 0.11mA/cni and a filling
factor (FF) of 28%. The overall PCE was around 0.1E%m the |-V characteristics

(shown in the inset of figure 3.8c) of ITO-based orgaaiar cell the PCE usually could
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reach higher than 3.5%. The lower PCE in graphenedb@gmnic photovoltaic cell can
be attributed to major two reasons: relatively higher sheétaese and the lower
surface wettability of graphene. The four layer grapHénmes employed for the anode
had resistance have sheet resistance of around 650 ohaftlsg HNQ treatment.
Although after HNQ treatment the surface wettability improved, still it showed high
surface energy state based on the contact angle measturémerder to improve the
PCE of graphene-based solar cell, we suggest improvingaimguctivity of graphene
films by optimizing the growth conditions (growth pressure awwling rate) to
synthesize uniform few-layer graphene and the surfat&ahility using other interfacial

engineering like functionalization with other chemicals[47, 158].
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Figure 3.8 (a) Schematic of organic solar cell with four-layer graphéimes as

transparent and conductive electrode. (b) Energy diagfatine solar cell device with
structure: graphene/PEDOT:PSS/P3HT:PCBMI/LIF/Al. (c) |-V ebteristic of four-

layer graphene film based organic solar cell. Inset is -Mecharacteristic of organic
solar cell suing ITO as electrode.
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3.4 Conclusion

The graphene layers are synthesized both oniriNfililn as well as on Copper foil
by CVD process. The uniformity of graphene films grdwom Ni is more difficult to
control than the one grown from copper foils. Material ab&rizations indicate that the
number of graphene layers synthesized on Nickel thin filbetereen 1-5 layers. While,
under low pressure growth pressure graphene film with 8%rage of single layer is
achieved. Further by controlling the growth pressure 1-$8rsagraphene could be
synthesized, which suggests that this process is not petelingting as reported in the
reference. The fact that that thickness or quality of thphgnae layers grown from Cu
foil highly depend on the growth pressure implies that bghéurcontrolling the growth
pressure and the cooling rate the uniform few-layer (Ba$6rs) graphene films with
high quality could be achievable.

Sheet resistance and surface wettability play veppriant roles in the PCE of
organic solar cell. Compared with ITO-based organic phdimieosolar cell, the
fabricated graphene based solar cell exhibits relatively Ipaser conversion efficiency
(PCE). To improve the PCE of graphene-based orgatér sell, we suggest some
approaches like synthesizing the uniform few-layer grapfienevith high quality using
Cu catalysts by controlling the growth conditions (growtlsguee and the cooling rate)
and improving the surface wettability by interfacial chemicalireegging. This chapter

demonstrates that graphene provides the promising applicatprhoelectronics.
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Chapter 4 Synthesis of Pillar Graphene Nanostructures and its Application in
Super capacitor

Reprinted in part with permission from [Rajat Kanti Paul, Ma@hazinejad, Miroslav
Penchev, Jian Lin, Mihrimah Ozkan, Cengiz Sinan Ozk&ynthesis of pillared
graphene nanostructure: a counterpart of three dimengiartadn architecture”, Small,

2010, 6(20): 2309-2013]. Copyright Wiley. Reproduced wehmission.

Abstract

In this chapter, we report the fabrication of high condectind large surface-area 3D
pillar graphene nanostructures (PGN) films from asseroblyertically aligned CNT
pillars on flexible copper foils and directly employed for @yeplication in EDLC
supercapacitor. The PGN films which are one-step synthiesizéexible copper foil (25
um) by CVD process exhibit high conductivity with sheet restdaas low as 1.6 ohm
per square and high mechanical flexibility. Further, Raspattra indicate the multi wall
carbon nanotubes (MWCNTs). The morphology of MWCN®BEs e controlled by
growth conditions. In addition, we find out that nitric acid treatimsan significantly
increase the capacitance due to the increase of surféiabdiity. The fabricated EDLC
supercapacitor based on high surface-area PGN elect(@®&sf/g) shows high
performance with high specific capacitance of 330&xgracted from CV curve at
scanning rate of 100mV/s. The energy density is asdsgtb.8Wh/kg. All of these make
this 3D graphene/CNTs hybrid carbon nanostructuresyhigactive material for high

performance supercapacitor and other energy storaigeiaha
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4.1 Introduction

Ultra or supercapacitor based on electrochemadild layer capacitor (EDLC),
consisting of the porous electrodes in the electrolyte solttianstores or releases the
energy among the electrode/electrolyte interface, has bieetyvexplored in the past 30
years[56]. Since then, active carbon materials with higfaceirarea are employed as
electrodes[159]. At the nanoscale, as one type of thmicanaterials, carbon nanotubes
(CNTs) have been widely applied in electrochemical ensti@yge[160-165]. The newly
discovered 2D carbon material, graphene, has individudtigued dramatic attentions
for the various applications in biosensor[152], transpatentrede for solar cell[49, 50],
and supercapacitor[57, 58, 61]. Recently, assemblin@NIDs and 2D graphene to form
2D or 3D hybrid carbon nanostructures has been thedigtié®]and
experimentally[102, 111, 167-169] reported. Owing to thijue crystal structures, the
low contact resistance between graphene and CNTs, hiflcsuareas, remarkable
chemical stability these graphene/CNTs hybrid carbon nawctstes show promising
applications for supercapacitor[102]. However, this replosigpercapacitor’s electrodes
are fabricated from spincoating of CNTs on graphen@aceywhich may reduce the total
surface areas and conductivity of graphene/CNT hybrigbstauctures at the same
weight scale. Among these peers’ great works in this resdeld our group recently
has demonstrated the successful synthesis of controlledl&Dgpaphene nanostructures
(PGN) comprising vertically aligned CNT pillars on large-aggaphene layers[112].
These unique nanostructures are one-step synthesizedpper catalyst thin film by

chemical vapor deposition (CVD).
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4.2 Material Synthesisand Experimental M ethods
4.2.1 Material Synthesis

PGN were synthesized directly on 25 um copper foils (M&sar, 99.8%) by
chemical vapor deposition. The experiment began with themmaading of copper foil
at 900 °C in flowing Argon of 100 sccm and bf 100sccm for 30minuts to crease the
grain sizes, followed by evaporation of 4 nm thick Fe catslgn copper foils using an e-
beam evaporator (Temescal, BJD-1800). Then the cdpitewith catalysts were loaded
in the center of furnace tube and heated to 750 °C Veitirfg of 150sccm Ar and 150
sccm H under the ambient pressure. Once the temperature wd&zsthat 750 °C, 30-
50 sccm GH; is introduced into the tube for 20 minutes to synthesize PXair the
synthesis gH, was turned off and the furnace was slowly cooled tmmréemperature.
For the transferring process the PGN layer was etch&dl iRe(NQ)s solution, followed
by cleaning in 5% HCI solution and DI water, then was tenafl to different substrates
like SiO)/Si and PDMS for further characterizations. Photolithographyg performed
using a patterned mask having circular window patterns fioedéhe location of Fe
catalyst, followed by mild @plasma etching to remove any residual resist, and 5 nm
thick Fe deposition by electron-beam evaporation. Then @ Were grown following

the previous stated method.

4.2.2 Experimental Methods
Material characterizations. The morphology of synthesized PGN was characterized

with scanning electron microscopy (SEM; Leo, 1550) andtld £mission source and

84



transmission electron microscopy (TEM; Philips, CM300, Japath a LaB6 cathode
operated at 300kV and equipped with an X-ray energy-disgespectroscopy (EDS)
module. To measure the sheet resistance of CNT pillars,NdAu (20/80 nm) tiny
circle contacts with size of 100um were deposited on topg\df gillars by using e-beam
evaporator (Temescal, BJD-1800). The weight of PGN filbms measured by weighing
the difference of copper foils before and after growthP@N films per 1crh with
microbalance of Thermogravimetric Analyzer (TGA, Q508 instrument). The BET
surface area was measured using Micromeritics 2020cHdmge of sheet resistance of
PGN films were measured by bending the PGN films traresfen PET substrates. The
electrical measurements were conducted in programmable Adil&5C. A Renishaw
DXR Raman Microscope with a 532nm laser source was toseldaracterize PGN. The
backscattered light from graphene samples was collectedgtmnroptical microscopy
with 100x objective lenses. The excitation power employed8mad/. And Kruss Easy
drop (FM 40) was employed to measure the contact an&bf films.

Double layer supercapacitor fabrication and electrochemical measurement. Two
electrode test cell was fabricated in the following way. TwdNRiBns on 25 um copper
(99.8%) are attached onto glass slides. Coppers acir@hiccollectors and PGN films
act as active electrodes. The active areas overlapped tele@Grodes is 1 cinBefore
the test cell assembly the two electrodes were functionalizetiNiWs/IPA solution (67%
HNOs: IPA=1:4). Then both glass slides with PGN film electrodescladizh were
assembled with a separator (Celgard 3501) sandwichedtivedn. The separator was

soaked with 2M aqueousJSOy. Then they are assembled with parafilm wrapped around.
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The extended current collectors were connected to atragbemistry cell (Gamry
reference 600) for the CV measurement. And the cedinaisly and all the measurement
were implemented in Ar filled glove box (VAC Omni lab, oxygemd water contents
below 1ppm and 1 ppm respectively) under the room ¢eatpre. CV curves were

scanned at voltage ramp rates of 100mV/s, 200mV/s witierah0-1 V.

4.3 Results and Discussion
4.3.1 Material Characterizations of PGN

Figure 4.1a is the optical micrograph of one PGN film gr@mncopper foil. The
PGN films were grown on the portion of the copper foil vehénm Fe thin film was
evaporated (indicated in the dark black part). Figute 4hows the large-area PGN films
floating in Fe(NQ)s; solution after detachment from copper foil. The transparent
graphene layers and the dark black PGN film are cleastynduishable. In addition,
during etching and transferring process no noticeabledratik or defects were observed
indicating that the PGN films are highly flexible. Further thecttme morphology of
PGN films were characterized with scanning electron micrgs(®gM). Figure 4.1c is
the top view of SEM image of PGN, which shows the tangledl spaghetti-like CNTs
network feature. The diameters of CNT pillars are ran@iomm 5nm to 15nm, which
indicates the formation of multi-wall carbon nanotubes (MWCN$kpwn in the inset
of figure 4.1c). The 45side view of PGN is shown in figure 4.1d, from which gamn
clearly observe the vertical aligned CNT pillars with unifornrphology over graphene

layers. What's more, CNT pillars are so high-densely @adkat the inter-tube gap can
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be not observed. The height of CNT pillars is around 20 which can be easily
controlled by controlling the duration of growth and the fiate of source gasesA©%).
The weight of typical PGN films with 20um thick is measutede around 90ug/cm

The Brunauer Emmett- Teller (BET) surface area, determined by Bbsorption

isotherms, is estimated to be 56%gn This value is comparable to the reported ones in

CNTSs (400 rf/g[170]) or reduced graphene flakes (320gi58] and 705 rfig[57]).
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Figure 4.1 (a) Optical micrograph of PGN grown over copper foil) @ptical
micrograph of PGN film floating in the aqueous Feg{Golution. (c) Top-view SEM
image of PGN film. Inset is the top-view high magnification SBMPGN (scale bar:
10nm). (d) 48 side-view SEM image of PGN film. (e) Two probe and fpusbe I-V

characteristic of PGN film. Sheet resistanée:~ (7 /11 2)x Vo las) (1) Sheet
resistance change of PGN film transferred on PET suéstnader various bending
radium. Inset shows the bending experiment setup.
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Overall, these morphologies of CNT pillars havingleoh network on the surface
and vertical bundles underneath can significantly reduce et sesistance of PGN
films, which is proved from sheet resistance measurenyeviab der Pauw method. The
measured sheet resistance reaches as low as 1.6 ofrovsdtV curve shown in figure
4.1e. It is well known that CNTs or graphene films havaekent mechanical flexibility,
respectively[52, 164]. Here we measured the variahsheet resistance by bending the
PGN film transferred to polyethylene terephthalate (PET)tsatbscoated with a thin
layer of poly-dimethylsiloxangPDMS). The resistance shows little variance when
bending radium is up to 2.5 mm (shown in figure 4.This excellent mechanical
flexibility can satisfy the requirement for the application iergly storage devices.

Furthermore, our developed technique allows th&ated growth of CNT pillars
and graphene at particular locations and with desired geosgimely depending on the
design of the catalyst (such as Cu and Fe) patterniggrd=4.2a demonstrates the direct
CVD growth of a patterned PGN using a pre-patternedtbick Fe catalyst dot array on
Cu film. Figure 4.2b shows SEM micrographs of pattern&N Ryrown at 750°C for
5min. This is a significant addition to the capabilities for PGNiagetabrication and
integration. For example, in the case oflasma-sensitive substrates, PGN devices can
be patterned using the approach described in material sigmihethod. The height of the
CNT pillars was about 5um with a 5 min growth time. Figue(d, d) shows large-area
patterned PGN on quartz and $i® using a similar procedure to transfer large-area

PGN.
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Figure 4.2 (a) Optical micrograph of micropatterr largearea PGN grown at 750°C f
5min. (b) SEM micrograph of PGN showing highly akegl CNT pillars on graphene filr
(c, d) Optical micrographs micropatterned PGN in {f@nsferred on quartz and &/Si,

respectively.

Raman spectroscopy wemploy to characterize the different positionsief PGN
films. Figure 4.3a is the Raman spectra recordenh fthe transparent graphene rec
(see from the figure 4.1b). The presence of D k&riB60 cr’, G peak at 1581 ¢, G’
peak at 2709 cthand he ratio between G peak and G’ peak shows theayfamar
characteristics for fewayer graphene (FLG), which is similar to the repdr CVD

graphene[52, 54, 113The Raman spectra shown in figure 4.2b were celtefrom the
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dark area representing the CNT pillars. Unlike the splitting @#@: for the single wall
carbon nanotubes (SWCNT) the predominant G peak locat&f82 crit is usual the
result of MWCNTSs with large and various diameters[171]d Absence of RMB Raman
feature associated with small diameter tube (less than 2mtheficonfirms that the
grown CNT pillars are dominantly MWCNTSs. The appearaoic® band is associated

with the defects of MWCNTSs.
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Figure 4.3 (a) Raman spectra of few-layer graphene region. émdh spectra of PGN
film from CNT pillars region. The excitation laser: 532 nm.

In order to understand the detailed material strietod morphology of PGN films,
we implemented material characterization with TEM. Figure 4shaws TEM
micrograph of bottom view of patterned PGN suspendddaay carbon supported TEM
Cu grid. The patterned PGN is clearly visible on the geaplsurface. However, wrinkles
and bulk defects (as shown with arrowheads) were aggeer the graphene film due to

the thermal expansion coefficient mismatch between Cu apghgne, and the hollow
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structure of the Cu TEM grid. Figure 4.4b shows enlargigd! micrograph of the
bottom view of the PGN. This is a significant observatiothefinterface between CNT
pillars and graphene of the PGN. The individual CNT'’s redtirectly connected to the
graphene surface. The circular hollow patterns in the adgerbf a CNT and graphene
layer are clearly visible as shown with the dashed circleBignre 4.4b. The inset
electron diffraction pattern in Figure 4.4b consists of cotrzerings which are expected
since multiwalled carbon nanotubes are concentric tubegdinéigcally rolled graphene
layers. The embedded typical six-fold symmetrical spotshnaade possible due to the
mono- or bi-layer graphene film. Figure 4.4c shows BRITmicrograph of the interface
between a CNT and graphene. The clear lattice fringe enirtterface confirmed
seamless crystalline interface between the two carbon allotrdpesobservation could
lead PGN to be directly utilized in several applications especiallinterconnects,
electrodes for super-capacitor and field-emitting devicentdolgy. The inset EDS
spectrum in Figure 4.4d taken from Fe catalyst particlihenip of a CNT (dashed circle)
confirms the existence of C, Fe and Cu elements. Thee@k appears due to the TEM
Cu grid used for holding the PGN. TEM observations aseal the growth mechanism

of CNT pillars on the graphene layer through a vapor-ligaiid mechanism.
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Figure 4.4 (a) Low magnification TEM micrograph of micropatted larg-area PGN
suspended on lacey carbon supported TEM Cu grid. TEM micrograph of PGI
(bottom view) showing crystalline integrity of initilual CNT’s root (dashed circle
with the surface of theraphene film. HRTEM micrographs of suspended PGért
from (b),showing individual CNT’s root (c) and tip (d) regg
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4.3.2 Super capacitor Based on Flexible Pillar Graphene Nanostructures

PGN films with high surface area and high cotidiig are potential candidate as
electrodes for supercapacitor. The electrode-electrolyteastien is an important topic
supercapacitor. The electrolyte adsorption to electrode ,pesgsecially the organic
electrolyte with bigger molecular weight, is highly affectgdtite surface wettability of
electrodes[63]. Researchers employed varied functionalpgrdo enhance surface
wettability to increase the specific capacitance through imprelectrolyte access to
pores and greater surface utilization[172]. To study tfezedf surface wettability to the
specific capacitance we used HM®A solution (67% HN@ IPA=1:4) to functionalize
the PGN surface. After the acid treatment the contact angleci®ased by 54 2see
figure 4.5a and 4.5b), which indicates the surface wettalslignhanced. As shown in
the insets of figure 4.5a and 4.5b, the functionalizatias awt result in any visibly buck
defects or amorphous carbon. The fabricated test celpresing two copper foils with
PGN films covered and separator is exhibited in figure 4Bmse on the cyclic
voltammetry (CV) curves shown in figure 4.5d, the speaéipacitance of PGN films
after functionalization increases from 111F/g to 330F/gcainning rate of 100mV/s,
calculated from the CV curves using equation (4.1):

) [idv

= ———— 4.1)
2xmxAVx S

WhereC.is the specific capacitance (expressed per gram, F/cm’ is the integrated

area of CV curvemis the weight of one PGN film electrode (expressed 9icAV is

potential range, an&is the scanning rate. We believe that the increase of specific
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Figure 4.5 (a) Contact angle of PGN film before acid treatment. (b)t&drangle PGN
film after acid treatment. Insets in a) and b) are the casgraoptical micrographs of
PGN films before and after acid treatment. (c) Schematiesifcell assembly. (d) CV
curves of supercapacitor based on PGN films without and &gt treatment. The
scanning rate is 100mV/s. The weight of one PGN film igy@ff.

capacitance is due to two facts: nitric acid enhances theswittability of PGN[173],
also increases the surface area by means of end-ti;jwgpErMWCNTSs through etching
Fe catalysts. This makes the electrolyte easily accegmtks, which may decrease the
internal resistance[170, 174]. The conversion of obliqugea@V curve to near rectangle
shape results from the decrease of internal resistance[AB8]the reason of relatively

higher specific capacitance than 2D graphene/CNTs film rnadespincoating of CNTs
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on reduced graphene oxide[102] or the graphene fla&kesd supercapacitor[57, 58, 61]
is that the vertically uniformly-spacing aligned CNTs hawgue mesoporosity which
provides more effective surface area for electrolgmess into the pores[170]. Base on
the specific capacitance the energy density of supercap&italculated to be 45.8

Wh/kg using the equation (4.2):
1 2

Where E is the energy densit§, is the specific capacitanceC( =330F/g), AV is
potential range AV =1V).

To further characterize the performance of PiliNs-based super capacitor we
implemented CV measurement on supercapacitor based @ercfipls, CVD grown
graphene layers on copper foils and PGN films on cojmisrrespectively. As expected,
the major material part in PGN architectures contributing to tiergy storage is
MWCNTs. The capacitance of copper foils and graphenerdagn copper foils is
negligible compared with PGN based supercapacitor (see figure 4.6a). The reason
of low capacitance from graphene layers based capacititraisthe surface area of
graphene films grown by CVD method is very low compangith reduced graphene
flakes. The role of graphene in the PGN architecturefelveve, is that graphene acts as
buffer electrode connected to copper foils. As stated,idhediffusion length plays
important role in the sensitivity to the varying scan rate[Bvfigure 4.6b, as the scan
rate increases from 100mV/s to 200mV/s, the specific capaeitaf PGN supercapacitor

is decreased, which indicates long diffusion path lengthrf ip the electrolyte due to
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electrolyte penetrating into the spacing of vertical aligned MWEN his ion diffusion
into the interiors of MWCNTSs would result in various diffusiondéhs and the obstacle

of ion movement at high scanning rate.
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Figure 4.6 (a) comparison CV curves of capacitors based on cofgilsr graphene
layers on copper foils and PGN films on copper foils. Sranrate: 100mV/s. inset is
the zoom-in CV curves of capacitors based on copperdodsgraphene layers on copper
foils. (b) CV curves of supercapacitor based on PGN fdinscanning rate of 100mV/s
and 200mV/s.
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4.4 Conclusion

A novel three dimensional architecture named pillar graphemeostructures
consisting of high dense and vertical aligned MWCNTSs agela@rea graphene layer are
synthesized on flexible copper foil. Optical microscopy (OMganning electron
microscopy (SEM), transmission electron microscopy (TEMH &high-resolution
transmission microscopy (HRTEM) techniques show that higdlity PGN films. The
excellent mechanical flexibility and electrical property m&@&N a potential candidate
for the application in energy storage. The fabricated sapeaoitor based on PGN
electrodes shows high energy storage capability with higbifgp capacitance (330F/g)
and high power density (45.8 Wh/kg). This unique 3Chigéecture for supercapacitor

electrodes would provide new pathway of achieving higirggnstorage technology.
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Chapter 5 Synthesis of Heter ogeneous Graphene/ZnO Hybrid Nanostructures and
Studieson Thelr Electrical and Photoelectrical Properties

Reprinted in part with permission from [Jian Lin, Miroslav Reng Guoping Wang,
Rajat K Paul, Jiebin Zhong, Xiaoye Jing, Mihri Ozkan, Ceiggi©zkan. “Heterogeneous
Graphene Nanostructures (HGN): ZnO Nanostructures Goowbarge Area Graphene

Layers”, Small, 2010, 6(21): 2448-2452]. Copyright WilRgproduced with permission.

Abstract

In this chapter, we report the synthesis and cteization of three dimensional
heterostructures graphene nanostructures (HGN) comprisamginuous large area
graphene layers and ZnO nanostructures, fabricated \é@michl vapor deposition.
Characterization of large area HGN demonstrates that it t®nsisl-5 layers of
graphene, and exhibits high optical transmittance and enhateetdcal conductivity.
Electron microscopy investigation shows that the morphologdn@ nanostructures is
highly dependent on the growth temperature. It is obsehagdordered crystalline ZnO
nanostructures are preferably grown along the <00@&etobn. Ultraviolet spectroscopy
and photoluminescence spectroscopy indicate that the CVDngkH@N layers has
excellent optical properties. A combination of electrical ampdical properties of
graphene and ZnO building blocks in ZnO based HGN pesvithique characteristics for
opportunities in future optoelectronic devices.

Besides that, we also investigate the electricalpliotbconductive properties of

graphene/ZnOl/graphene heterostructure. Current-voltagg rfleasurements reveal that
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most of the graphene/ZnO/graphene devices exhibite thmectd linear -V
characteristics, while and several of devices show Schditkacteristics. The observed
relatively small photo-current gain and decreasing conduetapon the ultra violet (UV)
illumination on graphene/ZnO/graphene devices can be attlibiatethe effect of
graphene due to its high absorption in UV region and phstoggon of gas molecules.
Electrical conductance of graphene/ZnO/graphene highlgrdispon temperature. These
results provide insights into the electrical and photoconductiwpepties of this novel
heterostructure and lay the foundations for its future utilizaitiodevice applications

such as photo-detector and solar cell.
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5.1 Introduction

Recently graphene based hybrid nanostructutksnerganic nanomaterials have
been attracting more attention since the integrated inorgamonraderials provide
additional functionality onto graphene layers in applications etd#ctronics and
optoelectronics[104, 168, 175-177]. Despite the recentr@ssgnade in graphene hybrid
nanostructures, still only a few studies were performed atldtge scale due to the
limitations of graphene synthesis methods such as mecharfodhton [69], liquid-
phase exfoliation[75], oxidation of graphite[178] and therdecomposition of SiC[179].
Compared to these methods, chemical vapor deposition peoeidpromising route to
synthesize uniform large-area graphene layers meeting tii@dlugequirement[52-54,
180]. With a direct band gap of 3.37eV and a largeibgqénergy of 60 meV as well as
the piezoelectric effect, Zinc Oxide nanostructures are import@e-dimensional
architectures and building blocks for nano-electronics[1&ifpeletronics[181-183], and
nanogenerators[184, 185]. Vapor-liquid-solid mechanism baen employed to
synthesize well-controlled and single crystalline ZnO nancstres on various
substrates including indium tin oxide (ITO)[182, 186], GE®Y] and AIN[188] for
versatile applications. Accordingly, the growth of semiconduZt®® nanostructures on
large area graphene layers would allow the unique propefttee heterostructures to be
exploited in optoelectronic device applications. Here we denaiadtre synthesis and of
three dimensional heterostructures comprising large arpaegra layers and Zinc oxide

nanostructures. The pathway to achieve such structutesfiist synthesize large-area
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graphene layers via CVD, followed by the growth of Zn@asdructures via the self-
catalyzed vapor solid mechanism.

Further to promote the application of the heterogenenanostructures in
optoelectronics, the electrical characteristics and the phatactivity are investigated.
Based on this objective, we report the fabrication of grap@e® NWSs/graphene
heterostructure, consisting of ZnO NWs vertically growntla top of graphene as
bottom electrode and covered by the other top grapheswraele. Current-voltage
characteristic in dark shows Ohmic electrical contact charstater for majority of
devices tested, with a small fraction of devices exhibiting tBchoectifying behavior.
The photoconductive property of graphene/ZnO/graplenees is also investigated by
the illumination of UV to evaluate their potential in optoelectrongiagtion. Lastly, the
conductance highly depends on the temperature, whiclshieagn by measuring the |-V

characteristics at different temperature from 300K to 400K.
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5.2 Synthesis of Graphene/ZnO Hybrid Nanostructures
5.2.1 Material Synthesisand Experimental Methods

Material Synthesis by CVD: In the CVD process, few-layer large area graphene
layers were grown on thin Ni catalyst films using highly dduteethane gas source at
900°C under ambient pressure conditions in a tube fur@g&@®am thick Ni catalyst films
were deposited on Si/SiGsubstrates using electron beam evaporation. Ni deposited
samples were heated to 900°C in a Ar(6D0:500 standard cubic centimeter per minute-
sccm) atmosphere and annealed for 30 minutes in ordemtoa polycrystalline Ni film
with large average grain size[54]. After flowing methanes¢8t) mixed with Ar/H at
900°C under ambient pressure for 1 minute, the furnaseasoled down to 25°C at a
medium/fast cooling rate of 10°C/s. Next, the residual Ni lapelerneath was etched in
mild HCI aqueous solution (3%). Then the graphene laysrtiaasferred onto a Si/SiO
substrate or quartz plate for further characterizationpaodessing. Next, Single crystal
ZnO nanostructures were synthesized on these graphenms ilaya different tube furnace.
Zinc powder (Sigma-Aldrich, purity 99.9%) was placed iastddsmall quartz tube from
which the SiQ/Si substrates or quartz plates with overlying graphenedayere placed
nearly 10cm away in the down-stream direction. With an Iéw fof 600sccm, the
furnace was heated to the desired growth temperatudeQ@B3FC/650°C) at 50°C/min,
followed by oxygen flow at 3sccm for 30 minutes. Undaehsa highly diluted oxygen
environment, the graphene would not be oxidized[176]. [Qutie whole growth process,
the chamber was kept under ambient pressure conditiomsrwafds, the tube was

cooled down to Z&.
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Graphene Field Effect Transistor Device Fabrication: After graphene layers were
transferred on top of Si/SpOsubstrate, the graphene layers were patterned into
rectangular shapes using photolithography and reactive itingt¢RIE). Next, four
terminal devices with Ni/Au (8nm/80nm) electrodes were fatgttaBefore electrical
characterization, the devices were annealed in Aatkhosphere at 480 for 1 hour to
remove any organic contaminants and possible photoresidtiessirom the graphene
layer.

Synthesis of ZnO by Hydrothermal and Fabrication of Graphene/ZnO/Graphene
Devices: Before the synthesis of ZnO nanowires one metal elec{i¢idau, 20/80nm)
was deposited by electron beam evaporator (Temescal BOD system) on graphene
bottom electrode. Then single crystal ZnO NWs were syntltesinethese graphene
films by hydrothermal method. The seeded ZnO solution roddenc acetate dehydrate
(Zn(CH;COO).2H,0, 5mM) in 100mL pure ethanol was spun coated on tapaghene
electrode at 1000 RPM for 60s. After baking the graplsangples with seeded ZnO on
hot plate at 100 °C for 10 minutes, they were put into théungxsolution of 25mM zinc
nitrate hexahydrate (Zn(Ng.6H,O) and 25mM hexamethylenetetramine at 90 °C for 2
hours to grow the vertical ZnO NWs. After the synthesisrdd 21Ws the mild HCI (5%)
was used to clean metal electrode and the area which wesveoed by graphene. After
that another graphene film was transferred to the top Of MWs, followed by electron

beam deposition of Ni/Au on the top graphene electrode.
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5.2.2 Material Characterizations of Graphene/ZnO Hybrid Nanostructures

The morphology of graphene layers were chaiaed with SEM. The morphology
of the large area graphene layers was shown in Figd® Hdicating regions of
monolayer and few-layers. The inset AFM phase image shbet there are usually
ripple boundary structures where multi-layer graphene isvmgroSuch boundary
structures of graphene layers enhanced the growthnskdmray of ZnO nanostructures,
observed as bright regions shown in figure 5.1b[17®le appearance of disorder-
induced D band in the Raman spectrum (see figure 3.@)iradlicates the existence of
these sub-domain boundaries in the graphene layer.

Electrical characterization of the ZnO-Graphenerbstructures was conducted via
four-probe measurements, using the device structumenshrothe inset of Figure 5.1c.
Before the growth of the ZnO nanostructures the measnmgchum sheet resistance of
the graphene layer was 43(per square. From Figure 5.1c we can see that after the
synthesis of ZnO nanostructures on the CVD grapheneciim@uctivity of the graphene
heterogeneous nanostructures (HGN) dramatically incresms the am-bipolardV gs
curve in figure 5.1d, the extracted electron and holes mplméfore the synthesis of
ZnO nanostructures using back-gate measurements amen#84 and 948ciV.s,
respectively. However the ZnO-graphene structures rhatdllic behavior rather than
semimetal one from theslVys characteristics of the inset of figureld. This metallic
behavior could be due to the highly doping of ZnO to geaphor the highly conductive
ZnO nanowires with high doping level or the non-oxidized fitm on the top of

graphene, which needs further investigation. And this er@thelectrical conductivity
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makes this ZnO-graphene heterogeneous nanostructures batididate for the

application in optoelectronics.
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Figure 5.1 (a) SEM image of a CVD grown graphene layer on &/SiGubstrate. The
Inset AFM phase image shows the ripples formed on thehgre surface. (b) SEM
image of ZnO nanostructures grown on the same CVD-graplilm at 458C. The
bright boundary regions indicate the enhanced growth of @ar@@structures. (CysHVgs
characteristics of CVD graphene layers before and d&fier synthesis of ZnO
nanostructures. The inset is the four probe device staschefore and after synthesis of
the ZnO nanostructures. (d)sV4s characteristics of CVD graphene layer before the
growth of ZnO nanostructures. The inset shows the metaliavo@ of ZnO-graphene
heterogeneous nanostructures.
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The general morphology of the grown ZnO nanesvis shown in the SEM images
in Figure 5.2. From the low magnification image in FiguabSwe observe that the ZnO
nanostructures with very large density were more preffieigrowing over the graphene
layer compared to that of the bare S&) substrate. The Energy Dispersive X-ray
Spectroscopy (EDS) spectrum shown in Figure 5.2b cosfia existence of Zn atoms

in these nanostructures, while the carbon peak is fronréphgne layer.

Ener-gy (KeV)

Figure 5.2 (a) Low magnification SEM image of ZnO nanostructuresvgron CVD-
graphene layer. (b) EDS pattern of ZnO nanostructurggaphene/SigSi.
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Furthermore, the surface morphology of the Zr&Dostructures grown over the
graphene layer had strong dependence on the growthregomege The SEM images in
Figure 5.3 show the typical morphology of ZnO nanostrestgrown on CVD graphene
at 450°C, 550°C and 650°C for 30 minutes. At the lowewth temperature of 450°C,
the ZnO nanostructures formed hexagonal cone-shapedans and had average length
and diameter of 200+50 nm and 50+10 nm respectively, avitigh density of 5*1%&m?
which was close to the density of ZnO nanoneedles gmwmechanically exfoliated
graphene layers[176]. At the medium growth temperature599°C, the ZnO
nanostructures had a larger mean diameter of 100+20wimength of several hundreds
of nanometers with an average areal density of &miB. When the growth temperature
was increased to 650°C, the ZnO nanostructures tend tegagg together at the root and
form the shape of nanoneedles, and the density continudgtrease to 2*fom? while
the length of the nanoneedles increased to oner. As noted before for growth along
the graphene boundaries, the overall density of nanostescivas higher compared to
growth over the flat regions. The decreasing density lagder aspect ratio of ZnO
nanostructures on graphene with an increase in growthetatnpe indicates that the
higher temperatures are likely to suppress the nucleatierof&ZnO nanostructures and
increase the overall surface diffusion length so that therlad$atoms migrate more

easily over the graphene surface and attach to the ¢hd panostructures.
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Figure 5.3 SEM images of ZnO nanostructures grown on CVD-grapleyess. (a) At
450°C, the formation of fine ZnO nanorods is obserV@); coarser nanorods are
observed at the 550°C growth temperature; (¢) ZnO nadtaseare grown at 650°C.

Interestingly, when grown using 60 nm diametdd gmnopatrticle catalysts at
550°C for 30 minutes, long and dense ZnO nanowires \aitying diameter from 20 nm
to 100 nm and 1@m length form out of the roots of short hexagonal corepesth
nanorods (see figure 5.4). These long nanowires ggtpe and overlapped to form a
“floating web” above a layer of hexagonal cone shapabrods. This could be due to

the fact that the catalyst nanoparticles enhance the growtbfrahO nanostructures.

100 nm
———

Figure 5.4 SEM images of ZnO nanostructures grown on a grapheme & 550°C
using 60nm gold catalyst nanoparticles. (a) SEM image tngled long and dense
nanowires floating over a layer of short hexagonal coapesh nanorods. Inset provides
a higher magnification micrograph. (b) SEM image showingittkerface between the
long nanowires and short nanorods. (c) SEM image slgowive gold catalyst
nanoparticles and nanowires 20nm and 80 nm in diameter.
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X-ray Diffaction (XRD) was employed to charaerthe crystal structure of the
ZnO nanostructures grown on graphene layers. The ¢temsiXRD pattern of all
samples shown in figure 5.5 indicates that the ZnO nantstegcare highly crystalline.
The diffraction peaks are indexed to the ZnO hexagonaltAteirstructure with the
lattice constants of a=0.325nm and ¢=0.521nm[181]. The peak at 34.Zindicates the
ZnO nanostructures are preferentially grown along th@0%8 direction. The sharp

diffraction peak indicates that the ZnO nanostructures aréylggystalline.
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Figure 5.5 XRD pattern of ZnO nanostructures on graphenefSiGubstrate
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5.2.3 Optical Properties of Graphene/ZnO Hybrid Nanostructures

To investigate the optical properties of the heteraysngraphene nanostructures
(HGN), UV spectrometry and photoluminescence spectroseagg employed. From
Figure 5.6a, we can see that the optical transmittance @t3hamn thick graphene layer
is nearly 89% before the growth of ZnO nanostructundsch confirms the average
number of layers to be less than five[4]. After the groweftthe nanostructures, the total
transmittance is still maintained at nearly 83%. The photoluremes spectrum shows
the sharp near-band-edge emission peak at around 3W®ich originates from the
excitonic recombination between the conduction band and thlencea band. The
suppression of deep-level or trap-state emission at aratmrbindicates the low level
of structural defects or impurities[189-191]. From the gitsmn spectrum shown in the
inset of figure 5.6b, the sharp absorption onset from 1B5@N375nm (peak at 370nm) is
inspected, which is mainly attributed to the presence of gogstalline and impurity-
suppressed ZnO nanostructures. This is consistent withrebhdts of XRD and
photoluminescence spectroscopy. From these results, thdgdpanof the ZnO
nanostructures was estimated to be nearly 3.354 eV, visialso suggested via direct

bandgap approximations[192].

111



100 -
@ At550nm  93.60% Quartz
90 TE8.56%

1 T 2.5 nm graphene film_

80 —/}i Graphene-Zn0 nanostructures
J 1
1

70

60 —

50 —
40

Intensity (a.u.)

PR U PR U N U U U AR N R

Transmittance (%)

30
20
10

o+ 71
—— 77—
400 500 600 700 800 900 1000 1100 7 " 200 P s e

Wavelength (nm) Wavelength (nm)

Figure 5.6 (a) Optical transmittance of CVD graphene film with an avethgé&ness of
2.5nm on a quartz plate, before and after the growth rdd Zanostructures. (b)
Photoluminescence spectrum of ZnO nanostructures growa graphene layer. The
inset is the UV absorption spectrum of a CVD-graphene Maitaran average thickness
of 2.5 nm on a quartz plate before and after growtm@ Aanostructures.

5.2.4 Growth Mechanism

The growth of ZnO nanostructures on CVD grogmphene layers could be
explained with a two-step self-catalyzed vapor solid mech§bh®3n 194]. At the first
step, Zinc atoms from the powder source were vaporizedeathe melting temperature
(Tm=413°C) and then easily deposited on the surface phgre under Ar atmosphere.
This provides two important features: 1) the formed Zinplets act as a buffer layer; 2)
The coverage of Zinc further prevented the oxidation eplgene by the presence of
Oxygen, which could be the reason why the ZnO-grapk#&metures had much higher
conductivity than graphene itself. At the second step, thetddeOxygen caused the
oxidation of Zinc atoms. The ZnO seeds precipitated out ftioen liquidized Zinc
because of the very low solubility. Furthermore, the ZnQeoubes were preferably

arranged along the <0001> direction in order to lower tHacei energy.
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5.3 Studies on Electrical and Photoelectrical Properties of Graphene/ZnO/Graphene
Hybrid Nanostructures
5.3.1 Material Characterizations

The synthesis procedure of graphene/ZnO/graplheterostructure is stated in the
following steps. First of all, the few-layer graphene filmsogad 9 layers) were
synthesized on copper foil by chemical vapor depositiond)Cahd then transferred to
Si/SiG; substrate as bottom electrode, shown in figure 5.7a Themitiance of graphene
film at 550nm wavelength from the ultraviolet (UV) spectruraveh in the inset of Fig.
la indicates that the graphene film consists of around 9s[d}eFurthermore, the
characterization by Raman spectroscopy confirms few lgy@phene film shown in
figure 5.7b. Secondly, high density vertical ZnO NWsenvgynthesized on the graphene
(figure 5.7c). The diameters of ZnO NWs are from 4@om00nm, which is shown by
the higher magnification SEM image inserted in figure 5.7stlydhe other graphene
film was transferred on the top of ZnO NWs as the toptrelde (see figure 5.7d). From
the upper-right inset of figure 5.7d it is clear distinguistied ZnO NWs are underneath
the transferred graphene film. The Energy Dispersive yX-&pectroscopy (EDS)
spectrum shown in the bottom-left inset of figure 5.7d icorsf the existence of Zn atoms

in heterostructure, while the carbon peak originates frengtaphene layer.
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Figure 5.7 (a) Optical image of FLG film transferred on Si substrate @@Anm SiO2.
The inset shows UV-vis spectrum of few layer graphemesteared on quartz substrate.
(b) Raman spectrum of FLG film. Raman excitation: 514mnT op-view SEM image of
ZnO nanowires grown on top of CVD graphene at low magiibn. Inset is high
magnification SEM image of ZnO nanowires grown on graphdd) Top view of
graphene/ZnO/graphene heterostructure at low magnificafios.right-up inset is high
magnification SEM image of graphene/ZnO/graphene hetectsteu Left-down inset is
the EDS spectrum of graphene/ZnO/graphene heterosguctur

114



5.3.2 Electrical Properties of Graphene/ZnO/Graphene Hybrid Nanostructures

In order to study the electrical property of gepe/ZnO NWs/graphene, two bi-
layer metal electrodes of Ni/Au (20nm/80nm) were depositgdelectron beam
evaporator (Temescal BJD 1800 system) on the bottonoangtaphene electrodes. It is
well known that this metal-graphene junction forms Ohmic ctith8]. The schematic
of graphene/ZnO NWs/graphene devices with Ni/Au contactgraphene is illustrated
in figure 5.8a All of the electrical measurements were caedudy using a
programmable Agilent 4155C. Figure 5.8b shows the eneagy profile of graphene
and ZnO NWs from previously reported values[110]onfrthe equilibrium energy band
diagram of graphene-ZnO junction, shown in figure 5v8e,can expect that graphene
and ZnO NWs forms Ohmic contact. Out of the measuredtywagvices, 70% exhibit
perfectly linear I-V characteristics as the applied bias voliggeanned from -1V to 1V
(shown in figure 5.8d), indicating the typical Ohmic behaviaf the
graphene/ZnOl/graphene heterostructure. However, wedfdbat there existed four
devices out of twenty exhibiting non-linear I-V characteris(gsown in inset of figure
5.8d). It is well known that the work function of graphesen be increased through
external species [44, 51, 55], and the Fermi level ofpe-ynO NWs can be altered
depending on the doping level. As combined results it coalce work function of
graphene greater than that of ZnO NWs. This differencéddead to formation of a
potential barrier between the graphene and ZnO NWs when dhe in thermal
equilibrium, which is indicated in figure 5.8e. This assumpi®rconfirmed by the

measured |-V characteristics of two devices (out of twdngyaving like Schottky diode
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with a small potential barrier (shown in figure 5.8f) with tumsmltage of 0.1-0.2V for
forward bias and a reverse bias break-down voltag@.2¥- If we look into the leakage
current between -0.1V and 0.1V (shown in the inset afréigh.8f) it exhibits the almost
linear characteristics from the measured |-V curve, winclicates that this leakage
current comes from Ohmic junction between some of ZnOsNwW graphene.
Nevertheless, majority of the ZnO NWs form Ohmic contaagraphene although some
of them show non-linear characteristics. This result suggesisromising application of

graphene/ZnO in solar cell.
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Figure 5.8 (a) Schematic of graphene/ZnO graphene device with N@dutacts on
graphene. (b) Energy band profile of metallic graphend semiconducting ZnO
nanowires. The arrows indicate the possible shifts of wamktion of graphene and the
Fermi level of ZnO depending on the doping level. (c) BEpband diagram of graphene
and ZnO nanowires junction wWh@,c>Pgraphene(Ohmic contact). (d) I-V characteristic
of graphene/ZnO NWs/graphene device showing lineanimh#nset is the non-linear I-
V curve. (e) Energy band diagram of graphene and zAa@owires junction when
D zn0<Pgraphene(Schottky contact). (f) 1-V characteristic of graphem&ZNWs/graphene
device showing Schottky behavior. Inset is enlarged I-Wecas voltage from -0.1V to
0.1V.
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The electronic transport property of graphem@®/graphene heterostructure was
investigated under various temperatures. Since in the ptaapiphcation for sensor or
photo-electronic devices they are operated at room temperatg focus on the
measurement from 300K to 400K at the pressure of 10rmblousing MMR's Variable
Temperature Micro Probe Systems. The temperatures diemellV curve is depicted in
figure 5.9. As the temperature increases from 300K @K4the current at 1.0V increases
to twice the original value at 300K. The poorly fitted curesulted from logarithm
current via reciprocal of temperature based on the theexeaitation mechanism,
exhibited in the inset of figure 5.9, shows that the increasaductance cannot simply
be explained by thermal excitation of charge carriers ffm@® NWSs across the energy
band gap. We believe that the graphene electrodes-ZnO jNi¢son, as well as
desorption of gas molecules from ZnO NWs and graph@ght play important roles in

the electron transport properties of this heterostructure.
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Figure 5.9 I-V curve of graphene/ZnO/graphene device at varioopégatures. Inset is
the logarithm of the current at 1.0V via the reciprocal teatpes.

5.3.3 Photoelectrical Propertiesof Graphene/ZnO/Graphene Hybrid Nanostructures

To investigate the photoconductivity of graphene/gréphene, we conducted
current-voltage measurement in the ambient environment amghbazed the current-
voltage characteristics both in the dark and upon the illuminabbriJV light
(wavelength: 365nm, power intensity: 4W/AmThe distance from the UV light to the
samples was kept at 10 cm. From |-V curves measurdtieindark and upon UV
illumination, we can see that conductance pronouncedly seseaver the entire voltage
bias range for devices with both linear and non-linear k¥racteristics, respectively
shown in figure 5.10a and figure 5.10b. However theecae is less than the previously

reported values[195, 196], which can be due to the higgorption of graphene at
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wavelength of 365nm (see the inset of the figure 5.1@@jure 5.10c shows the real-
time change of conductance upon the UV illumination, repteddsy the ratio of G/

It is clearly seen that upon the illumination of UV light the duiectance instantaneously
increases by four times and recovers to initial conductaviven the UV is off.

Interestingly, rather than remaining constant[195], the wctatice decreases slowly
during the UV illumination process. This continuing reduceddactance, we believe, is
attributed to the photodesorption effect of gas molecules foprgraphene electrode

upon the illumination of UV light[37, 42].
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Figure 5.10 Photoconductivity of graphene/ZnO/graphene heterostrudaviee. (a) I-V
characteristic of devices with linear I-V behavior in darla¢k) and under 365nm UV
illumination (red). (b) I-V characteristic of devices with riorear I-V behavior in dark
(black) and under 365nm UV illumination. (c) Normalized ductance (G/@ versus
time as the UV illumination is switched on and off. GO isitiitgal conductance.
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5.4 Conclusion

Three dimensional heterostructures of CVD grayvaphene layers and ZnO
nanostructures have been successfully synthesizedndrnber of graphene layers was
under five with low sheet resistance and high optical transmétaCompared with CVD
graphene ZnO-graphene heterogeneous nanostructurésghar electrical conductivity.
The surface morphology and dimensions of the ZnO nanostaghighly depend on the
growth temperature. Because of the dangling bonds alongréipiene boundaries and
the disorder among the uniform graphene layers, highesitgleof ZnO nanostructures
were obtained along these boundaries. XRD showed thatighéy ftrystalline ZnO
nanostructures were mainly grown along the <0001> tttwrecPhotoluminescence and
UV absorption spectra indicated high optical transmittance andde& of structural
defects or impurities.

Graphene/ZnO/graphene heterostructure dewees fabricated to investigate their
electrical and photoconductive properties. |-V characterisfickevices in the dark show
the good Ohmic contact between ZnO NWs to graphene in itgagdr devices. UV
illumination resulted in the increase of electrical conductaniee.flirther electrical and
photoconductive characterization of graphene/ZnO/graphesterastructure shows
graphene has significant effect on the electrical propestidse heterostructure devices.
Ultimately, ZnO based HGN could provide building blocks withique thermal,
electrical and optical properties for large-scale applicationsigh-gower UV lasers,

optical waveguides, light emitting diodes and solar cells.
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Chapter 6 Conclusions

This thesis explores the synthesis of graphedeétsmybrid nanostructures as well
as their applications in bio-chemical sensors, energy coomeasid storage. There are
three major contributions of this thesis. The first one is tanpte the application of
graphene in bio and chemical sensors through investigatingntis@actions between
graphene and bio/gas molecules. The second contribution &yrthesize unique
graphene and its three-dimensional hybrid carbon nantstsdPGN), and the studies
on their physical/chemical properties suggest their capabilities emergy
conversion/storage applications. Last but not the least; icakewapor deposition is
employed to synthesize the heterogeneous graphene-Zr@3tmetures, the material
characterizations and studies on electrical/photoelectrical piepeillustrate the
potential applications in solar cell and optoelectronics.

Chapter 1 provides the overall review on the 2Bplgne and its hybrid
nanostructures from the properties, synthesis to applicattdmsgins with discussion on
the graphene crystal and band structure, followed by tie¢ t@view in current and
potential applications of graphene, including sensors, tragrgpalectrode and energy
storage which are relevant to the experimental results peelsén chapter 2-5. Then
graphene synthesis methods are reviewed to provide owralbbout our experimental
work in chapter 3. Lastly, the synthesis and applicationsgm@phene hybrid
nanostructures are discussed to understand the statereSaarch directions, which

provide basic concerts for the work shown in chapter 4-5
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The experimental work starts with chapter 2, in Wwhgraphene field effect
transistors are fabricated to study the interaction graplbebheeen single stranded
Deoxyribonucleic Acids (ssDNA) and gas molecules. ssDMA@und to act as negative
potential gating agents that increase the hole density in single dgmaphene (SLG).
Later, the molecular photodesorption and absorption fpoistine and functionalized
graphene fabricated by CVD process is studied. The pbsdoption induced current
decrease in functionalized graphene by concentrateds;HREmes less significant than
pristine graphene layers. Our results provide a new strébegtabilizing the electrical
performance of CVD grown large-area graphene layarsapplications ranging from
nanoelectronics to optoelectronics.

Experimental studies in synthesis of graphene amyhisd nanostructures as well
as energy applications begin in chapter 3, in which we treapergraphene synthesis
fabricated CVD process and its application as transparertogledn organic solar cell.
Material and device characterizations show the high electrioaductivity and
transmittance of the graphene thin films fabricated by layelayer transfer. The
fabricated organic solar cell based on graphene film aspa@aent conductive electrode
shows potential of graphene to substitute the ITO or FTOtwetgrtronics.

In chapter 4, we focus on describing the swmhef pillar graphene nanostructures
comprising vertically aligned MWCNTSs on graphene by in sita-step growth by CVD
approach and investigate the application of the unique thremadional carbon
nanostructures in supercapacitor. Material characterizatilusérate PGN with high

surface area, high conductivity and mechanical flexibilitye TBY measurement
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illustrates excellent specific capacitance and high energytylebe results show the
potential application of PGN in energy storage.

Chapter 5 demonstrates the synthesis and chaatites of three dimensional
heterostructures graphene nanostructures (HGN) comprisamginuous large area
graphene layers and ZnO nanostructures, fabricated gmical vapor deposition. The
material characterizations exhibit the highly crystalline ZnO si@actures synthesized
on few-layer graphene films. And Grpahene/ZnO illustratellent optical properties.
The electrical study on the graphene/ZnO/graphene devigggess that graphene
readily form Ohmic contact to ZnO, although rarely Shocktey exist. The electron
transport properties highly depend on the temperatureic&eghow photoconductive
effect under UV illumination. A combination of electrical and agtiproperties of
graphene and ZnO building blocks in ZnO based HGN pesvithique characteristics for

opportunities in future optoelectronic devices.
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