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ABSTRACT
GRAPHENE BASED OFPOELECTRONICS
IN THE VISIBLE SPECTRUM

Emre Ozan Polat
Ph.D. in Physics
Advisor Asst . Prof . Dr. Cokkun Koc.
January, 2015

Graphenga two dimensional crystal of carbon atoresierges as a viable material
for optodectronics because of i@ectricallytunablebroadbandoptical properties
Optical response of graphene at visible and near infrared frequencies is defined by
inter-bandelectronictransitiors. By electrical tuning of thé&ermi energythe inter

band transitioa can be blocked due to Palliocking However, ontrolling inter

band transitions of graphene in the visible and near infrared wavedehgthbeen

an outstanding challenge. We developed a dewviceto control optical properties of
graphene in the visible spectfur device relies on a grapne supercapacitor which
includes wo parallel graphene electrodes and electrolyte between. tMartual
gating between graphene electrodes enables us to fabricate optical modulators which
can operate in the visible and néafrared. Single layer graphenehowever,has
performance limits due to its small optical absorption defined by fundamental
constantsWe extend our method amvde developed a newlassof electrochromic
devices using multilayegraphene Fabricated devices undergo a reversible color
change with the electrically controlled intercalation proceske electrical and
optical characterizations of the electrochromic devices revedirtiedband optical
modulation up to 55 per cent ithe visible and neanfrared. Integration of
semiconducting materials on unconventional substrates enables optoelectronic
devices with new mechanical functionalities that cannot be achieved with- wafer
based technologiesAs a novel applicationwe demonstrate ultra thinleetronic
paperdisplaysusingthe multilayer graphene aareconfigurable optical mediunwe
anticipate that the developed devices would find wide range of applications in
optoelectronics.

Keywords: Graphene, optical modulatooptoelectronics supercapacitor smart
window, electrochromic deses electrolyte.
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G¥R| NI R SPEKTRAFENDTRABANLI
OPTOELEKTRONKK
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Kk i boyutlu bir karbon kristald@ ol an gr
spek rum opti k tepkisiyle optoelektronik i
ve yakeén keéezeéel°tesi spektrumda grafenin
belirlenir. Grafenin Fer mi seviyesinin €
ge-kl erin engell enmesine neden ol ur. Faka
kezel °tesi b°l gede kontrGohf edebi bmekkDb¢q g
kontr ol etmek i -in yeni bs uwparylgaeg a sgietl®rk-
kullananp ar al | el grafen elektrotlar ve bunl a
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yakeén kezel°tesi spektrumda -al ékabil en
sunmaktad.Fakate k kat manl & grafenin temel sabit

opti k sojur pmasté@ofinileskauylleendéj eméez teknilij
-okat marafén& a b,ayeri Birt el ekt rokr gmeKtrieky.gE €& n

aygedllakt,ri ksel ol arak kontrol edilen ar
renk deji ki miYiap al] a resehedkaptk tlataikt&rizasyonlar, o k

kat manl & grafen tabanl é elektrokromi k ay
kapsayan genk bir spektrumda %aSyen varmah a doé
gosterYyvaxké iri.l etken mal zemel erin gel enek

entegrasyonu,y a r €& iall eéttkaekn kul | anan teknol oj il €
optoelektronikay g € t | a r € olanaks e h makYem Hircuygulama olargk
gel i Kkt ikragiéjti miilzt t akl ar czerine aktar el meék

optik ortam olarak kullananyltrai nce ekr an aygéGdlairkét iswny
aygetlarén optoel ektlramrei btud ageanién ébiumMmuy o

Anahtar kelimeler Gr af en, optiokpt oneldek at @m i, k, S ¢
el ektrokromi k.aygeéetlar, el ektrolit
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Figure 1.12 : Transport properties of fabricated graphene basesistors. (a)
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(h) The channel length scaling of the calculated field effect mobility of the
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Figure 1.18: Electrical Control of Optical Plasmon Resonance with graphene. (a)
Electrolyte gated graphesmgwld-nanorod hybrid structure. A top electrolyte gate
with ionic liquid is used to control the charge density and optical transitions on
graphene. (bA SEM image of the single gold nanorod covered by graphene.
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Figure 2.1: Electronic properties ofethgraphene supercapacitor. @ghematic
exploded view of the optically transparent double layer capacitor formed by two
parallel graphene electrodes trangiented on quartz substrates and the
electrolyte medium (3nM TBA BF salt in DI water) between them. (b), (c)
Schematic representation of the electronic band structure of the top and bottom
graphene dyers under a voltage bias. (dyquivalent circuit of the
supercapacitor. Super scr i pptandidottom and i
electrodes, respectively. The arrows indicate the vokagable elements. (e),
(f), The variation of the capacitance and resistance of the device as a function of
bias voltage, reSPECHIVELY.........eeiiiiiiiiiiie e 36

Figure 2.2: Comparison of electrostatic capacitance and quantum capacitance.(a)
Electrostatic capacitance of the electrical double layer of aqueous electrolyte
(5mM of TBA BF4in DI water) measured using gold electrodes. (b) Calculated
capacitance of the top {Gand bottom (¢) graphene electrodes (Dirac point of
the bottom graphene is shifted by 0.7 V), electrostatic double layer (averaged
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Figure 2.3: Optical absorption of graphene electrodes in graphene supercajsgitor.
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Figure 2.4: Electraptic characterization of graphene supercapacitor based optical
modulators.(a) Picture of the fabricated graphene supercapacitor. The black
regions are carbon electrodes that are used to make eleciicct to
graphene. (b) The normalized change of the transmission of the capacitor
plotted against wavelength and bias voltage. (c) The variation of the normalized
change of the transmission versus the wavelength for various bias voltages. (d)
Fermi eneryg (scattered plot) extracted from the eleatpiical response of the
capacitor and measured capacitance (solid red curve). Both Fermi energy and
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Figure 2.7: lonic liquid performance in the graphene supercapaejdlormalized
change of the transmission of a graphene supercapacitor that usegjiadic |
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Figure 2.8: Electrical properties of graphene supercapacitor with ionic liquid
electrolyte (a) The measured capacitance and resistance of graphene
supercapacitor with ionic liquid electrolyte. The scattered plot shows the
extracted Fermi energy. The deviation of the measured capacitance& from
dependence is likely due to the large contribution agacitance of the ionic
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Figure 2.10: Various device schemes to increase the modulation efficiency.
Graphene supercapacitors using (a) single layer and (b) multilayer graphene
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black curve shows the background signal. (b) Photographs ofdaegesingle
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Figure 3.14: Optical switching characteristics of the device at 635 nm. (a)
Transmittance modation of the graphene electrochromic device with respect to
time. Time variation of (b) transmittance and (c) charging current for a single
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the transmittance in the (a) -state (at 5 V) and (b) cefftate (0 V). (c,d) The
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Figure 4.8: Optoelectronic property of Mjraphene on papera) Schematic
representation of the graphene based electronic paper. (b,c) Photographs of the
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Figure 4.14: Diposable themaper.(a) A photograph foa burning device. The paper
substrate burns very fast however, the-§thphene layer does not burn. (b)
The ashes of the device. The reaming graphene layer on the paper ash is visible.
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Chapter 1

Introduction

Graphene is a two dimensional crystal of carbon atoms arranged in a honeycomb
lattice. This atomically thin carbon crystal is a basic building block of other carbon
allotropes such as one dimensional carbon nanotube, zero dimensional fullerene and
three dmensional graphitgl]. Starting with the first observation of strong ambipolar
electric fieldeffectin the graphitic filmq2] by Andre Geim and Kostya Novoselov,
there has been a tremendous amount of effort from scientist and researchers to
explore and enhance the electronic properties of graphene in the last decade.
Groundbreaking discoveries such as experimeritaeivation of the half integer
quantum hall effec{3, 4], constant minimum conductivity in vicinity of charge
carriers[5], ballistic transport at room temperatlii¢ and Klein paradoX6] open a

gate through the graphene basexsic science anfhbrication offuture electronic
devices.

Graphene also has some unusual optical properties. Even if it is-aomnthick
material, itcan be seewon certain dielectric layer thickne§g which provides an

easy optical characteation even with the optical microscope. The main optical
properties of the graphene such as the transmittance and reflectance are defined by
the fine structure constaif8]. Furthermore, graphene has a gate tunable broad
optical responsd9] and one can simply control the absorption mechanism of
graphenevia electrostatic dopin§l0]. That intriguing optical properties make the
graphene valuable for optical investigation and photonic devices.

The aim of this thesis iso developthe graphene based optoeleoic devices
working in visible spectra. We will presentactive optical devicesusing the
unconventional electronic and optical properties of this two dimensional carbon
crystal

After giving the fundamentals of graphene electronics and optics, we will
demonstrate an efficient gating sche usinggraphene supercapacitors which
controls the absorption mechanism of graphene by Pauli blocking of interband
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transitions. By using this gating scheme we will perform some eleptio
characterizations in visible and infrared spectra revealing thertighér interaction

in graphene ira broad spectruniTo show the promises of the method, we will also
demonstrate the applications such as graphene based flexible electrochromic devices

and graphene baseépapers by further expanding our investigation intatitayer
graphene.



1.1 Outline

This thesigresents the new gating scheme which allows the graphene based optical
devicesto operate in visible spectr&urthermore, it demonstrattdee first practical
graphene devices working in vig#spectraising the presented gating scheme

In chapter 1 we will provide the fundamental knowle@peutgraphene ynthesis

and transfer method®e will briefly explain the methods that we usedobtain
graphene layerand compare them to the previously used ones. Then, we will give
the theroretical background for thelectronic and optical properties of graphene
which is required for the better understanding of the working mechanism and
characterization of our fabricatgraphene based devices.

Chapter2or esent s oO06controlling optidahidh pr ope
contains the brief explanation about the physical mechanism and elptitro
characterization steps of the transparent graphene supercapamt@ing as an

optical modulators.

Chapter 3 i aptchl updopesties totmeltilay@ré graphen@ 6 whi ch
demonstrate thdirst application of active reversible color change in the flexible
multilayer graphene electrodes. In this chapter we will intcedthe multilayer
graphene as a new class of electrochromic material having key parameters for high
contrastand broadband operation by using our proposed gating scheme.

Chapter 4 is introduces an i ndneap@&t i ng p
this chaptemwe demonstrate electronic paper display using graphene transferred on
printing paper as the reconfigurable optical mediliime presentedraphenebased

ultrathin electronic paper displgyovides large optical contrast in the visibf@ectra

with fast response speed.

Chapter 5 inludes the conclusion of our studies and providesudook of the
presentedlevices.



1.2 Graphene synthesis and transfer techniques

In order b study the physical properties of thempheneone should islate the two
dimensional graphene layer. This is a challenging procedueesto theatomic
thickness of graphene. However during the last decade several consistent methods
have been developed to obtain thmeeatomthick single layergraphenewvhich was
previously thought to be instabli the followings we will give a short review by
explaining the advantages and disadvantagésese methods.

Mechanical exfoliatiorfrom bulk graphitg2] (also known as scotdiape method)
yields a non uniform thickness carbon film having fragments of different number of
graphene layers. That makes the identification of single graphene layers difficult
over the transferred substrate, yet it is still a $gmpethod to study the fundamental
electronic properties of graphene over very limited dFég. 1.1 (a)) This method
gives the highest carrier mobilities (200,000%amt s?) in graphene based field
effect transistor§ll, 12].

Graphitization of SiC planes by annealing is another prominent method to obtain the
two dimensional graphene. Epitaxial growth of graphene on SiC substrates (Fig. 1.1
(b)) and the promises of the method such as patterning the as grown graphene into
the quantum confined structures was demonstrdte8. By using this method,
growth of relatively large area graphene samples are possible and devices using
epitaxially grown graphene on SiC can operate in high frequency rétynén the
otherhand, some handicaps such as high cost of the SiC substrates and requirement
of ultra-high vacuum chambers still remain as disadvantages in the technique.

Isolating graphene layers chemically from the bulk graphitaialternative method

in which the ntercalation of atoms or molecules through the gragh®gyields the
seperation of graphene layers. However partial separation of the bulk graphite yields
a dispersion that contains variety of graphene fragments and graphitid #ing o
overcome this noaniformity of the resulting graphene layers, chemical reduction of
graphene oxid¢17] and chemically functionalized graphef8] were introduced

(Fig. 1.1 (c)). However since these materials aeffer from low conduativity,
achieving the conductivity order of the pristigeaphene with this method is a
handicap to date.



20 um

Solvent CFLCF, C4F.CN C,FN

Graphite g - - “

Figure 1.1: Techniques to obtain graphene(a) Mechanically exfoliated graphene

on oxidized Si dielectric surfac®eprintedwith permissionfrom Novoselov, K.S.,

et al, Electric field effect in atomically thin carbon filnmScience, 2004. 306(5696):

p. 6666 6 9 . Copyright E 2t fr, the Advancémera of AS s 0
Science (b) Atomic force microscope image taken from the surface of graphitized

SiC substrateReprintedwith permissiorfrom Kim, J., et al.Principle of direct van

der Waals epitaxy of singlgystalline films on epitaxial rgphene Nature
Communi cati ons, 2014. 5. Copyr()digsd E 201
phase graphene dispersions prepared by using vartmmicalagents.Reprinted

with permissionfrom Bourlinos, A.B., et al.Liquid-Phase Exfoliation of Graptet

Towards Solubilized GrapheneSmall, 2009. 5(16): p. 1841845 Copy r i ght E
2014, WileyVCH Verlag GmbH & Co. KGaA, Weinheim.
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Today one of the most commonly used synthesis technique in graphene science is
chemical vapor deposition (CVD). Tlaelvantages of the CVD syntlie®ver other
techniques arescalability to large areabeing low cost and effortless, and the
consistent quality of the resulting graphene layers. Very largeCArBasynthesized
graphene samplegere demonstrated and usedrasisparent electrodesfunctional

touch screen pang¢ll9]. To form a graphene layer via CVD synthesiscatalyst
substrate is needed for the decomposition of carbon atoms fracarthen feedstock

gas flowing throughthe CVD chamber. Nickel and copper substrates are frequently
used as catalyst substrates, however usagensition metals such as, [R0], Au

[21], Ru[22], Pd[23] in CVD synthesis have also been demonstrated. Thepoat
properties of the CVD synthesized graphene films are not superior compared to the
mechanically exfoliated ones. This is due to the polycrystalline structure of the metal



substrate®n which the graphene formslowever with the efficient controls ttie
gases flowing through the CVD chamber, large area single crystal graphene has
already been reportefR4]. For large areaelectronic applicationshigh quality
samples with uniform transport propertiesre essential. Bhy breakthrough
improvements on the quality of resulting graphene film&VD synthesidiavebeen
reported[19, 25, 26]. Because of the low solubility limit of carbon in copper,
graphene growth procedure isfskiinited on copper substratg®5]. That property of
copper provides the advantage of straightforvemthesisof single layer graphene.
Copper foilsarelow cost and scalable substmfer graphene growthThe surface
quality of the copper foils and the transferinting process determine the
performance and reliability of the graphene transistors. Commercially available
copper foils, however, have very rough surfaces due to the rolling prdesg.
scratches on the rough copper foil due to the rolling progesdd detrimental effects
especially during the transfer printing process.

Previous works have showed that the morphology of the copper surfaceoktbae

key parameters to hawetter quality graphene filnj27]. To achieve the full surface
coverage of the high quality graphene film; impurities, defects, grain boundaries and
other surface features that can serve as a nucleation seed should be carefully
engineered27]. For that purposevariety of techniquesfor smoothing the copper
surfaces have been reported. Luo ef28] usedstandard electropolishing technique

to smooth the copper surfaces. ThBiaman spectroscopyinvestigationimplied

better quality graphene film with high surface coverage compared to the unpolished
copper samplef28]. Similar electrochemical polishing techniquas used in the

work by Yan. et a[29]. Together with the high pressure annealing, they pratluce
hexagonal single crystal graphene domains nearly 2mm inf2%eAlternatively,

melted copper surfacewere also used to form these single crystal hexagonal
graphene flakes in previous work30, 31]. Apart from these techniques, Vlassiouk

et al[32] reported the role of ldyogen gas as a surface activator and etchant. The
shape and size of the single crystal graphene domains can be controlled precisely by
adjusting the partial pressure of hydrogen [§. In addition, Robertson ail. [33]

showed the formation of few layer, single crystal, graphene flakehéyging the
growth conditions.

Another prominent technique to form a smooth copper surface ighthefilm
deposition of copper on rigid substrd®$. Howsare etl. [34] showedthat adding

a barrier layer between the deposited Cu and Si interface can further increase the
guality of the graphene film by suppressing the interdiffusion betwesse tlayers.
Moreover, Zhao etla[35] investigated the effect of single crystal cepgubstrates

on growth of the graphene layers. They reported the atomic structure of the graphene
film and the grain orientations shows different properties going in different lattice
directions[35].



It is known that the quality of the copper surfagdieectly effects the transport
properties of the resulting graphene laj@®]. Orofeo et al[36] demonstrated the

hole mobility of the graphene grown on the Cu film is nearly 10 times greater than
that of the graphene grown on the Cu foil by chemical vapor depoditi@aldition

to surface morphology, crystallograpbf/copper substrate also plays a cruical role

in the formation of the graphene filf87]. Wood et al[37] reported that, because of

the <carbonds hi gher di ffusi on rates at
monolayer graphene on that surface compared to other surfaces

In our expeiments we usedthe high quality single layer graphene on commercially
availabke ultrasmooth copper foils. In the industry, copper foils have been used as
negative electrodes for lithition batteries. For these applications surface quality
plays a criti@l role in the performance of the batteries. Recent progress of large scale
production of smooth copper foils can also provide opportunities to improve
perfomance of graphene transistors.

We udrelatively roughAlfa Aesarfoil (item#13382 which iscommonly used for

CVD graphene growth(Fig. 1.2 (ac)) and commercially available ultramooth
suiface copper foilsNitsui mining and smelting coL,TD, B1:SBS (Fig. 1.2 (d-f)).

To investigate the effect of the surface roughness to theyohtite grphene layer,

both the ultra smooth copper and the rough copper faie placed in the same
growth chamber to be exposed to same growth conditiesalso investigated the
surface topography of the ultsanooth copper foils with SEM and AFM. The ratio

of the partial pressure of hydrogen and methane gases define the growth rate and
shape of the graphene flakes. By sending the methane gas into the chamber with
different intervals we obtain both the graphene flakes (Fig 1.3(a), (b)) and full
coverage graphenfilm (Fig. 1.3 (c)) on thaltrasmooth copper foils. Figure3 (a)

shows theéSEM images of copper surface partially covered by graphene flakes. The
surface roughness of the copper is around 100nm. However, after the growth,
graphene flakes form ripples (Fig. 1.3 (c)) likely because of physical instability of
perfectly flat graphemlayer[38-41].



Figure 1.2: Effects of copper surface morphology to graphene growth.(a)

Optical microscope image of rough copper {dilfa Aesarfoil (item#13382). Deep
scratches on the rough copper foil due to the rolling process, are clearly visible (b)
Scanning electron microscopy (SEM) image of thegro copper surface. (c) The
magnified SEM image of the rough copper fulrface.The growth was terminated

after 10 secto obtain dispersed graphene flaké$ Optical microscope image of
ultrassmooth copper foilMitsui mining and smelting co. LTD., E8BS and (e)

SEM image ofultra smooth copper sate, after the graphene growth. (f)trdl

smooth copper surfaces with graphene flakes. The density and shape of the graphene
flakes are different on the rough and smooth follse averaged grain size thfe
smooth copper foil after the growth is al



Figure 1.3: Graphene flake formation at early stages of growth.(a,b) SEM
images of the surface of the ultra smooth copper partially covered aphegre
flakes. To achieve 6 0 Om f | akes, met hane gas was
seconds then left to cooling to room temperature. Smoothness of the surface and size
of the grain boundaries of the copper are clearly visible. (c) AFM image showing the
surface topography of full graphene layer on the ultra smooth copper foil. Graphene
ripples, which are formed from the graphene flakes, are clearly seen.

Since electronic and optical properties

conducting metal substes, the transfer printing of graphene layers to insulating
substrate are essential in CVD synthesis. There are two commonly used transfer
printing method for CVD synthesized graphene; namely the polasmsted
transfer printing and rollo-roll transferprinting[42)].

PDMS (olydimethylsiloxane)is a silicon elastomer which is generally used for
molding of microchannelg}3] or as an optical mask for soft lithogragiyl]. Due to

the low surface energyt5] and the hydrophobic nature of the PDN#®] one can

easily attach and retrieve graphene on PDMS surfempire 1.4. By using the
PDMS stamping method, dry transfer of large area patterned multilayer graphene
samples has been demonstrafdd]. However, formation of cracks along the
graphene layer during the stamping and removal of PDMS to the insulator surfaces
breals up the uniformity of the transfer printed graphene layer by using PDMS
stamping metbd.



Stamping Patterned graphene

Figure 1.4: Graphene transfer by using PDMS stamping.(ab) The nickel
substrate is etched in Fe@blution to obtain the floating graphene on liquid surface.
(c)Then direct transfer to the rigid substrates by fishing out the graphen layer floating
on the surface(df) PDMS stamping to graphene holding nickel substrate and
etching the metal foil in F&l3 solution to obtain graphene on RIS. (gh) Stamping

the graphene holding PDMS to the dielectric surface to have conformal contact
which results in the transfer of graphene layer on dielectric layer. Repvinted
permissionfrom Kim, K.S., et al. Large-scale pattern growth of graphene films for
stretchable transparent electroddsature, 2009. 457(7230): p. 7980 Copyright
(2009) Nature Publishing Group

Another polymerassisted graphene transfer printing method is using PMMA
(polymethyl metharylate). Being highly conformal and having low density
compared to PDMS, PMMA is able cover and embed the surface structures when
baked[48]. Basically, spin coating of PMMA and etching the graphene holding
metal substrates results in graphene holding PMM#8]. Putting the graphene
holding PMMA on the target substrate and removing the PMMA with acetone yields
the graphene on desired target substrate. Disadvantages of the method can be
mentioned as the unsuccessful removal of the whole PMMA along theegeph
layer which affects the transports measurements by introducing scattering points
[50]. In addition PMMA transfer method could remain random cracks on the
surface. However it has been reported that applying another layer of PMMA before
the removal of PMMA could preventdhiormation of cracks during the transféd].
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To obtain a nowresidual and crackee transfer of CVD synthesized graphene layers
we developed thephotoresist drop casting meth@gig. 1.9. In this method, we
pouredthick droplets of photoresist (S1813) on graphene grown smooth copper
surfaces and waited overnight at %D. After a photoresist layer was hardened on
smooth copper surfaces, they were immersed into nitric acid solution (~%22) for
nonresidual etching otopper film. Then grapheneolding photoresist layer was
placedon the 100 nm thick SiOcoated on Si wafeReflowing mechanisnof the
photoresist layeat 120 °C left the graphene layer on the substrate. Removal of the
remaining photoresist layer yieldddrge area graphene films with high surface
coverage.

Cu foil Bake at 70 °C
for 12 hours

Pour a thick layer of
photoresiston
graphene

Chemical vapor deposition of
graphene

Reflow the PR at 90 °C l

Remove PR

D ———

Substrate

Figure 1.5. Transfer printing via photoresist drop casting. Reprinted with
permissionfrom Polat E.O., Kocabas CBroadband optical modulators baseah
graphene supercapacitardlano Letters, 2012. 12(11): p. 559802). Copyright
(2013 American Chemical Society

For the applications requiring larger area graphene, roll to roll transfer printing is the
most efficient way compared to polymer assisteahsfer techiques. Recently
graphene based transparent electrodes is a great interest for the next generation
flexible optoelectronic devices. In this meth@VD synthesized graphene on metal
substrates is attached toadhesive polymer film. To obtain a conformal contact
betweenthe graphene holding metal substrate and the advesive polymer film,
generally cylindrical hot rollers are usgb, 52]. Etching metal substrate in solution
yields the the graphene holding polymer film. This process can be easily gpate

very large dimension§l9]. Since the process requires flexible films, using rigid
substrates can cause damages in the transferred graphene film. To transigethe |
area graphene on rigid substrates such as wafers or glapsessing technique was
alsodemonstratefs3].
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Raman spectroscopy provides clear finger prints of graphene layers. Raman
spectrum of thegraphenesamples was measured usingc@nfocal microraman
system (Horiba Jobin Yvon) in badkcattering gometry. A 532 nm diode laser was
used as an excitatosource and the Raman signal wafiected by a cooled CCD
cameraFigure 16 shows Raman spectra of thraghene on gold foils. Figerl6 (a)

shows theRaman spectrum of the graphene synthesized on gold suffae@set in
Figure 16 (a)shows theoptical micrograph of the graphene on the gold foil. The
grain boundaries and wrinkles on the polycrystalljoéd surface are clearly see
Figure 16 (b) and (c) show the Raman spectrum of the graphene as grown on gold
and after the transferring to silicon wafer.
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Figure 1.6: Raman spectroscopy of graphenga) Raman spectrum of the graphe

as grown on gold surface. The inset shows the optical micrograph of the same area.
(b) Raman spectrum of the graphene on SiO2/Si substrate. The inset shows the
zoomed spectrum of the 2D peak and a Lorentzian fit. The width of the Lorentzian is
around 37cmt. (c) Raman spectra of the graphene samples grown at a range of
temperatures between 85 and 1050°C. Reprinted with permission from
Oznuluer, T., et al.Synthesis of graphene on golpplied Physics Letters, 2011.
98(18). CopyrRulgishingLEC 2011 Al P

The expected Raman peaks of D, G, D', and 2D can be seen on the graph. The
position of D, G, D', and 2D peaks are 1371, 1600, 1640, and 2748rcgold and

1339, 1584, 1620 and 2676 ¢ran SiQ/Si substrate. There is a significaatl shift

after the transfer process, likely due to the release of compressive strain on the
graplene film. The inset in Figure.d@ (c) shows the zoomed 2D peak and the
Lorentzian fit. The fit has a symmetric Lorentzian shape with a width of 37 The

shape and the width of the 2D peak is a good indication of single layer graphene
layer or noninteracting a few layers of graphene. The Ram&anD signal of
graphene on gold is relatively more intense than the graphene grown on copper. This
intense D band likely due to the large lattice mismatch between gold and graphene.
The lattice constant of bulk graphite and hexagonally clpse#ted gold surface
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1.3 Electronic properties of graphene

As we mentioned in previous parts, graphene is a two dimensanabn crystal

wi t h unusual physical properties. Since
properties is directly dependent on the crystal structure here we first study the crystal
structure of graphene. Carbon, bemgourceelement of life, has fouratance bonds.

In the ground state, it has 6 electralispersed to the shells with the configuratasn

18 28 2p%. Graphene has $phybridization of carbon atomsin this kind of
hybridization s, p py orbitals forms theal bondingby combining[54]. ( bondsare
strongcovalent bond$etween the carbon atoms in the two dimensionaplane of
graphenewhich are responsible for ttmazing mechanical pperties of graphene
such as exemely high young modulus and breakstgengti55]. On the other hand

the remaining p, orbitals, which are pempendicular to the »y plane, forms the
formation of delocalized b oby dateral interaction[54]. Carbon atoms in
graphene are arranged abone/comb lattice. Figure 1.5 a ball and stick model
showing the crystal struatel of graphene. The unit cell of graphene is represented by
basis vectorspandde There are two carbon atoms per unit cell (A and B)e
carboncarbon distance is graphene is 1;4and represnted by in Fig 1.3.

Figure 1.7: Crystal structure and basis vectors of graphene hexagonal lattice.
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Therefore, by using the simple geometry, the basis vectors igma lattice can be
written as

. .=, Vo (1.1)
wp  Now T FIE—

And,
W . Vo. p (12)
wp WMow —h =
¢ G
Magnitude of these vectors denoted with
¢ LEs Lxs Voo (1.3)
By using orthogonality condition,
WD " (1.4)
Reciprocal lattice vector®anddPare,
- - oMo 15)
K e
¢ C
And,
_ _ 0. Vo (1.6)
WP w Eh —
¢ G
Where
, Y, .7
W —w
o
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A

Figure 1.8: Brillouin zone and reciprocal basis vectors of graphene lattice.

The electronic band structure of graphene is first calculated by P. R. Wall&@47
[56]. Assuming the electrons can hop @aaly nearest neighboatomsand next
nearest neighboatoms one can determine the corresponding vecforsthree
nearest neighbor atonrsreal spae as,

_ Mo (1.8)
o & SR
¢ q
v . P. Vo (1.9)
w 0w -h —
S C
m & phr (110
For the six nexheighboring atoms, the real space vectors are;
WP U P (1.11)
WP U & (1.12)
G v e G (1.13)

Therefore the tighbinding Hamiltonian including only neareshd nexinearest
terms[57];
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(1.14)

where® , and @, are the annilihation operatos for the electros of different
sublatticeshaving spin,, . Also dando standsfor the nearest neighbor and next

nearest neighbor hopping energ7]. To obtain the electronic band structwé

graphene Schr °dinger equati on waeetuntonstwith be s c
the Hamiltonian given in the equation (1.14)he resliing energy eigenvalues

appears irthe form[58];

(1.15)

Where

. o . Wo. . .. 9. .
QQ CcAl W Qw TAI QC—QQ)AI ?Qw

Plotting equation (1.15) fay  ¢fx Q cando T TQ dyields;

(1.16)

Figure 1.9: Electronic band structure of graphene.
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Figure 19 shows the electronic band structure of graphene. The low lying band
represents the valance band while the above band diants conduction band.

They are crossingeach other athe corners of the Brillouin zone (See Fiy8
VwERpoints). These are so called 66Dirac
Graphené s band structure r ep-maabAiowenerdiee zer
nearto the chage neutrality points, the barsfructure shows the linear behaviour

This is similar to photon dispersion relation with a Fermi velocity

p i instead of speed of lighExpanding (1.15) near a Dirac poikt yields,

Q A YOUL SaS (117
L+q[57).

where aL L with the assumptiof

Plotting eq (1.15) with the above approximation,ufel.9 turns out to be,

0

Q

Figure 1.10: Linear dispersion of graphene at low energies.

In that sense, the bastructure of graphene can be referrededativistic-like. Many
of the unusual electronic properties of graphene are sourced froim#as band
structure (Fig. 1.10 One of them is cyclotron mass of charge carriers in graphene.
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The effective mass afharge carriers in graphene depends on the square root of the
charge densit}b, 57, 59].

Cyclotron mas in solids is by definition,

2100 (118
co 1O

1z

a

With the the area that is travelled by an the an electron in k,space
6Q 27 (1.19
Inserting eq. (1.18in eq. (1.13yields
. TQT 0 (1.20)
o 0) T;Q
For an electron under the application of external field, eq (1e2ad} to,
., QO (1.21)
a AT
WO
Therefore, considering the linear dispersion of graphene (eq 1.17), the cyclotron
mass for graphene [57]
e (122
a° —ue
0

The effectivemass in graphenis dependent on the charge dengdy 1.22)andis a
different version of theyclotron mass given in treq (1.21)

The density of states of graphene is giveagy

(1.23)

-
o
o

e &

whereq stands forthe elliptic integral[60]. With the same approximationsed

above to find the linear dispersidor low energies,aL L and L+q, the
density statdor 4 fold degenerate case turns out t¢5é,
0 L (1.24)

” 'O —
)

With the hexagonal unit cell ar@a and Fermi velocity .

One can simply change the electronic propertieshef graphene by electrostatic
doping. Applying external fieldeunethe conductivity or resistivity of the graphene
layer by changing the ange carrier concentratiosince the transistor is a main
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element in variety of the electronic circuits, first devices to control the conductivity
of graphene was field effect transist@F&ETs)[2]. It is found that the conductivity of

the mechanically cleaved graphene linearly changes with the applied gate voltage
and the behaviour symettrical to both polarities around charge neutrality ploiAt
graphene based FET is a threentinal device. These terminatsamely the source,
drain and gate electrodes, are requirecdttie application of the external field while
maintaining a current flow on the graphene layerthe graphene based field effect
transistors a moderatelyr highly doped silicon substrate is used for gating the
graphene. An oxide or nitrate layer whichdeposited on Si substrate serves a
dielectic layerto prevent the electrical shortagetween the graphene and the Si
gate.After the transfer printing of graphene on this dielectric surface, graphene is
shaped via lithograpic techniques to isol&ie thannels defined by source and drain
electrodegFig. 1.11(a)).

a b

Top Gate

o C— Dielectric

Graphene

Graphene Layer .

Figure 1.11. Graphene based field effect transistors (FETs).a) A schematic

showing thebackgate FET with a graphene layer aligned between source and drain
electrodes on the dielectric layéb) Three dimensional exploded view of a ‘gate

graphene based FET. Thin dielectric layer is deposited on graphene layer to apply the
gate voltage fsm top of the device. Reprintedth permissiof r om 06 60 Pi nc e,

C. Kocabas,nvestigation of high frequency performance limit of graphene field

effect transistor§ 6 . Applied Physics Letters, 20
American Institute of Physics.

The biggest advantage in fabricaticating a graphene based FET is obtaining high
carrier mobilities. For mechanially exfoliated graphene sampbasiec mobilities
around 15,000cn?V-is! have been reported in different workg, 5, 61].
Terminating the scattering mechnisms in graphene yields extreme carrier mobility
values such a®00,000 craV st in graphene basfield effect transistorgl1, 12].

Devices using top gateectrode (Fig 1.11b)) need a thin dielectric layer deposited

on the graphene layer to fabricate the gate electrode on top. This situation had some
disadvantage decreasing the carrier concentration in previous wRs 63 .
However the demonsttion of high mobility top gate devi¢é4] and the comparison

with the back gate devicd$5] provides the different device schemes for various
electronic measuremer[isg].
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We compared the electronic transport performance of graphene transistors that we
fabricatel by using graphene grown on uksenooth and rough copper foild/e used

CVD to form the graphene layer on ultra smooth copper substidtesii( mining

and smelting coLTD, B1-SBS. After 20 mins of annealing of smooth Cu substrates

at 1035°C, methane gas was sent into chamber in company with hydrogen. 15 mins
of growth yielded single layer graphene on smooth Cu surfaces and then the samples
were left to fast cooling down to room temperatud@d we transfer printed the
single layer graphene from copper to 100 nm;Qi0Si surfaces by photoresist drop
casting metho@See Section 1.2).

In order to fabricate the graphene based FETs, first conventional UV
photolithographic techniquesereused to shape the source and drain electrodes on
graphene. Then, thermal evaporation technigas used for metallization of the
electrodes. After lifoff step, we isolat the graphene layer by using reactive ion
etching so that the graphene layamsuld bealigned only between the source and
drain ekctrodes to define the channels.

Schematic drawig of the fabricated baeffated transiters are given in Figure 1.12
(a). Optical microscope images of the degi@are given in Fig. Figure 1.1B) and

(c). Transistors fabricated on rough copper foils have cracks due to deep scratches on
the copper. Thescracks result in the large variation in the device performance
especially for long channel lengtfihe transfer characteristics of the fabricated
graphene transistomn smooth and rougbopper are given in Figure 1.1d) and

(e), respectively. The chael length scaling of the devices atenmarized in Figure
1.12(d) and (h) The variation of orcurrent is significantly larger for the FETs based
on the graphene grown on rough copper surface. The calculated field effalitymo

of the devices (Fig. 12 (h)) scales with the channel length due to the contact
resistance.
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Figure 1.12: Transport properties of fabricated graphene based transistors(a)
Schematic drawing of the fabricated graphene fidfdct transistor. The transistors

use 100 nm thick Si©as a dielectric and highly doped Si as a back gate electrode.
The source/drain electrodes are 50 nm thick gold. (b,c) Optical microscope images of
the fabricated transistors based on the grapheswengon ultrasmooth copper foils,

and rough copper foils respectively. Theeg scrats on the copper foilssults in

visible cracks in transfered graphene. (d,e) Transfer curves of the transistors with a
channel l ength of 6 4 Own on thé wWtrm endootroand t h e
rough copper foils, respectively. (f,g) The scaling of the drain current with the
channel length of transistors. The scattered plot shows the averaged value of the
drain current measured from 10 identical transistors. The earsrshow the standart
deviation of the drain current. The transistors based on rough copper foils show
significantly larger variation in the drain current than the ones based on ultra shoorth
copper foils. (h) Thetannel length scaling of the calculatéeld effect mobility of

the transistors.

To show the promises of the ultra smooth copper faiks,fabricated macrecale
graphene based fieldffect transistordor the large scale applicatioresnd tested
some of the chargearriertransport propertiedmigure 113 (a) shows thdabricated
transitors having cpscale channel length. We used conductive carbon tapes as a
contact electrodes.
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Figure 1.13 Macro scale graphene bask FET and transport properties. (a)
Photograph of the macro scale graphene b&&d Conductive carbon tapes are
used as a contact electrodes. (b) Drain current vs. drain voltage characteristics of the
device. (c) Modulation of the drain current with resjpto applied gate voltage.

Figure 1.13 (b) shows the drain current modulation with respect to applied drain
voltage.We scan the gate voltage freBD to +50 and with 10 V steps to observe the
modulation of drain current against drain voltagBevice slows ptype doped
behavior due to the substrate doping. InuFégl.13 (c) is a modulation of drain
current against applied gate voltage plot. Because of the kigbepcharacteristics

of the device Dirac point shifted to the positive voltages and weemaordy the p

type tail of the total ambipolar behavior of the graphene. Gate voltages higher than
50 V causes dielectric breakdown and creates leakage current between the gate and
the source. Therefore the breakdown voltage of the dielectric layer isaltiotiting

factor to see thambipolar behavior which igrmetricto both polarizations.
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Since the graphene has no bandtpggraphene based FETs cannot be switched on
an off like any semiconductor. However confining the charge carriers in small
graphenestructuresyields the opening of a small band geguired for the operation

of transistors and diodef67-69]. Graphene nanoribbon§GNRs) are narrow
graphene strips formed by cutting the graphene in certain direction. Some of the
prominent techniques to shape the graphene as a nanoribborseara éthography

[67], unzipping carbon nanotub¢g0, 71], and chemical gas phase etching].

Y.Han et al. used the-leeam lithography method to tear the graphene layer into
nanoribbons. They alsdemonstratedhat theelectronic transport in the graphene
ribbons can be modified with changing ribbon wid#7]. Another prominen
technique is unzipping carbon nanotubgg 71]. Jiao et al. presented the polymer
protected plasma etching metlidd. They obtained the aligned GNRs having
different widths by longitudinal unzipping @ingle walled carbon nanotubg#&]].

On the other hand, Koskin et al. used a solutidmased oxidative process to obtain
GNRs from multiwalled carbon nanotubes. In a similar way to [F€], they
provided longitudinal opening of carbon nanotubes to GINR$. Alternatively,
Wang et al. developed a controlled chemical process to narrow the graphene from the
edgef§72). After a lithographic patterning they applied isotropic etching by using an
oxidation reaction to obtain GNRs.

We cemostrated the fabrication*ofl50 nm widegraplene ribbons on large area (
cm?). To that end we used the phase shift lithography to shapenthescale
graphenearea as a submicron ribbon array. By using the elastomeric masks in
photolithography, sub 108m features can be created over the large §7&as5]. If

the thickness of the pattern on the elastomer mask is integer multiple of the UV
radiation wavelengththe edges of thpattern induces phase shift to the incident
light [75]. This yields destructive interference at the edges of the patterns on mask
and when exposed to UV light it transfers the patterns down to 50 nm in[W&jth
Preparing the phase masks in desired patterns effartlessprocess. Casting and
curing PDMS on the previously patterned maseresults in the transfer of the
replica of the pattern to the PDM%5].

To shape the graphene layesa ribbon array, we first generated a phase mask. To

that end we prepared a master as a mold for phase mask by using standard
photolithography. Spin coating of S1805 photoresist on Si wafer at 5000 rpm for 1

min. yielded approximately 500m film thickness which is optimum thickness for a

phase mask patternton duce a phase shift to incident
photoresi st l ines with 20 spacing were
PDMS on this photoresist pattern resulted in the transfer of the replica of the pattern

to contactsurface ofthe PDMS phase mask. Removing PDMS from the master
makesthe phase mask readyuse in phase shift lithography.
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Figure 1.14: Fabrication steps of graphene ribbons via soft lithography

After the phase maskas ready, the phase shift lithography procedure was lopne

using these elastomer maske first spin coated ~500 nm thick photoresist (S1805)

on the graphene transferred Si€ubstrate (Fig. 1.18-b)). Providing a conformal

contact between the subd&aand the elastomer mask and exposing to UV light

shapes the photoresistyér as a ribbon array (Fig. 1.X4-e)). We used oxygen

plasma to shape the graphene layer as ansaton wide ribbons. Using the
photoresist ribbon array as a protective layereactive ion etching to remove the
remaining underneath graphene resulted in ~100muhe ribbonar r ay wi t h ~ 21
spacing (Fig.1.14f)).

We examinethe structuralquality of the fabricated dumicron graphene ribbons.
Figure 1.15 (a) shows the atomiforce microscopyAFM) image of the individual
ribbon having thickness ®f 150 nm. The height of themanyindividual ribbons are
measured & 2 nm which is due to the residual chemicals sticked to the graphene
nanoribbons during the fabrication procedurke defects on the edges are sourced
from the chemical treatment to remove the residual photoresist Fagere 1.15(b)
shows the scanning electron microsc¢p&M) image ofgraphene ribbons. Due to
the electrostatic charging, the graphene ribbonsideebe thicker then the original
ones. We alsvestigatel the raman mappingf the fabricated structures to examine
the quality of the resulting graphene structufégure 1.15 (c) shows the raman
mapping of the 2D peak proving the fabricated strustare graphene based.
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Figure 1.15: Structural characterizterization of fabricated graphene ribbons. (a)

Atomic force microscope image of an individual ribb&mbbon height is measured

as 2 nm on average. Due to the chemical process, the width of the ribbon varies
between 150 nm t o 200 b)Seanningeledron®icroscapéd b o n
image of fabricated graphene ribbons on SSgbrface. (c) Raman mapping o
submicron graphene ribbons on large area.

We also measudethe transport propertiesf graphene ribbons produced via soft
lithography. We fabricated graphene ribbon based field effect transistors by aligning

the ribbons between source and drain eléetso We ged the back gated FET
structure. B scanning gatevoltage from-80 V to +80V, we obsered the

modulation of drain current with respect to drain voltagéee di dnodt obsert
remarkbable bandgap opening from the electronic measurements. Thes tis tthe

width of the ribbons. One should obtain sub 10 nm ribbons to effectively confine the
charge carriers and create the band gap.dbaphene ribbostudy could be more

beneficial for graphene plasmonics where the submicron ribbon arraysetdo

tuning the plasmonic resonances in graphémeéhat way nany breaktrough works

has been reported about the plasmon excitation in grapié®d]. Chen et al. used

1 Qwide ribbons to collect the backscattering of the infrared light from the ribbon
edges[76]. They used an AFM tip as a scatterer to couple the graphene plasmons

with infrared light[76]. Similar work has been done by Fei et[@ll]. By gatirg the

whole structure they showed that the plasma frequecy of graphene can be varied by
applied external field77]. Moreover, Ju et al. investigated the plasmon resonances

i n graphene at terahertz frequendg8fg. regi m
They also revealed that the plasmon resonance frequency is inversely proportional to

the square root of the ribbon widtf80]. We will further investigate these
improvements in the next section.
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1.4 Optical properties of graphene

For the theoretcal backgroundf the optical properties of graphénbere we revisit
the previously constructadodel by Falkovsky82].

Full expression for thepticalconductivity of graphene is given b§2];

) Qo0 ssQQ- Q- "Q - (1.25
” U u_ Q r Q r o,
Q) 0 Q- 0 Q] 1-
Where
1.2
0. a— o (1.26)

And therefore,
OEI-E (127

AT OE Al OE

0 - "0 -

There are mainly two physical mechanism contributing to the optical conductivity of
graphene. The interband and intraband transitions. The first terineoéq 1.25
represents the intband transitions while theecondterm stands for the inteand
transitions.Therefore we can express the the(&®5 as a superposition of two
terms such as,

.0, o, 0 (128
Integrating the first term of eq (1.26) gives,

¢y (1.29

" 0 50 @ ascAIO—E—Y

With the assumptioh | “Yeq (1.27) reduces to,

: Lss (130
y O S e

Following the same procedure for tbecond term of eq (1. 28)r"Y T,

1Copyright E 2015 Pan SThis subsedtiah isdpunted with permisgionP t e .
fromS.Bal cé, E. Kocaliap 'IChapter 41n @raplene based plasmaghiicsthe book
"Introduction to Plasmonics: Advances and ApplicatjoRain Stanford Publishing015
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This form of interband condtivity (eq. 1.30) is not usefulor the rumerical
calculations. Howeverding eq. (1.27) in second term of eq. (1.25) yields;

Q OEI%E (133
TA| 6 Al 0%
Noting that* - , this equation can be used as a model in the numerical

calculations of interband conductivity of graphemtting the eq1.33) with respect
to wavelengh,
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Figure 1.16: Interband conductivity of graphene with respect to wavelength.
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The above plot of interband conductivitygraphendgFig. 1.1 shows the required
Fermi energy to manipulate the incident light at corresponding wavelength.
Therefore one should effectively dope the graphene to obtain more than 500 meV
Fermi energy to mdulate the lighin visible region. Conventional graphehased

FETs can notachieve suchhigh carrier concentration3herefore in the following
chapters we will introduce liquid electrolyte based graphene supercapacitors working
as optical modulators in the visible regime of the electromagnetic spectrum.

Settingd  min the total expressiomf conductivity forpractical conditions-( |
"Q")Mve obtain thehetheoreticaluniversal minimum condugtity value of graphene,

Q (134)

0]

The transmittace of graphene can be expressed in terms of fine structure constant of
the graphene lattice by using the minimum conductivity (1.3433s

w C“ ” " (135)
L S P
Where the is the fine structure constant and c is the speed of light. Inserting the

value of fine structure constant for hexagonal graphene lattice,

Q (1.36)
Y
Transmittance of the single layer graphene defined by eq (hl3& the value,

Y op “| Tmwx X (1.37)

Therefore for théew layer graphenkaving N layers of graphene,
p Y 0| (1.38
Equation (1. 38pives the opacity of the few layer graphémgluding( layers[8].

Many of the opticalfeatures of graphencan be tuned by electrostatioping. For
example, optical absorption, plasma frequency, and eleptronon coupling in
graphene can be tuned by electrostatic gdfiiTg78, 80, 81, 84-86]. These tunable
physical properties provide possibilities for new optical devices basednabléu
light-matter interactions.

Graphene interacts with light through inteand and intrdband electronic transitions
(Figure 1.17) The gate dependence of the optical response of graphene varies with
the wavelength of light, for example, in the visibégion; the inteband electronic
transitions are dominant and yield a constant optical conductivity. By shifting the
Fermi energ, one can block the intdrandtransitiors via Pauli blocking and reduce

the optical conductivityFigure 1.17 (a))
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Figure 1.17: Interband and intraband transitions in graphene. (a) Interband
electronic transitionm the Dirac cone of graphene) fbor doped graphene when the
Fermi energy is larger than half of the excitatemergy, intefband transitions are
blocked due to Pauli blocking. )(éntraband electronic transitions, which define the
optical properties of graphene at-fafrared spectrum. Graphene behaves like a
Drude metal.

Ability to tune the optical condustity yields new optical modulatofd87]. At far-
infrared regime, however, graphene behaves like a Drude metal with tunable charge
density[88]. By tuning the charge density on graphene, one can tune the plasma
frequency. Two recent studies have shown the gate tunable plasma oscilations on
graphene.

In the first study Chen el. launched and detected propagating opfiadémons in
tapered graphene nanostructures using-fielar scattering microscopy with infrared
excitation light[76]. They used infrared laser and sharp AFM tip to lunch plasmons
on grapheneaand detected the standing wave patterns. They also tuned the charge
density on graphene with a baghte electrode. They found that the extracted
plasmon wavelength is very shdrinore than 40 times smaller than the wavelength

of illumination.

In the secnd work, Fei et al. measured the gairing of graphene plasmons using
infrared nanoimaging77]. They integrated an infrared spectrometer with a sharp
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AFM tip and measured the scattering cresstion of the tip. The scattering cross
section provides #thamplitude of the excited plasma waves. They have succeeded in
altering both the amplitude and the wavelength of these plasmons by varying the gate
voltage.Active plasmonic devices operating in NIR spectrum are also possible. Kim
et al. demonstrated a t@tunable grapheneanorod hybrid device by integrating

gold nanorods in a graphene transisti89]. Figure 1.16shows the used device
geometry and the SEM image of the galhorods. They used iorliquid as an
electrolyte to tune the electronic transition of graphene. lonic liquids provide an
efficient gating with charge densities larger tha®®illcn? and Fermi energies of 1

eV. By electrostatic gating of graphene, they blocked interband optical tragsifio
graphene; they are able to significantly modulate both the resonance frequency and
quality factor of gold nanorod plasmon. Their analysis showed that the plasmon
graphene coupling for graphenanorod structure is unexpectedly very high and
they spealate that even a single electron in graphene gpldsmonic hotspot could
yields an observable effect on plasmon resonance. Such hybrid graphene
nanometallic structure provides a powerful way for active plasmonic devices.

Patterning of graphene into nanometer sized ribbons or discs provide an additional
level of control on the plasmonic response of graphene for new typemaiile
metamaterials. Figure 1.18hows various approaches to control the plasma
resonance of graphe by patterning. Jet al. explored plasmon excitations in
engineered graphene mieribbon arrayd80]. They showed that graphene plasmon
resonances can be tuned over a broad terahertz frequency range by varying the
micro-ribbon width and in situ electrostatic doping.

a b

1 Probe light

V9 Jonic liquid

Glass / \ Vso
Graphene Gold nanorod

Figure 1.18: Electrical Control of Optical Plasmon Resonance with graphene.

(a) Electrolyte gated graphegeld-nanorod hybrid structure. A top electrolyte gate
with ionic liquid is used to control the charge density and optical transitions on
graphene. (b) A SEM image of thengle gold nanorod covered by graphene.
Reprinted with permission froiim, J., et al. Electrical Control of Optical Plasmon
Resonance with Graphenblano Letters, 2012. 12(11): p. 559802. Copyright
(2012) American Chemical Society
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Patterning graphene into ribbons yields remarkably large oscillator strengths, and
enhances rooftemperature optical absorption peaks. Their results are the first for
realization of tunable grapheib@sed terahertz metamaterials. Another approach to
contrd plasma resonance of graphene is to use graphene/insulator stacks, which are
formed by depositing alternating wafecale graphene sheets and thin insulating
layers[90]. Yanet al. have patterned the graphenstlator stacks into photonic
crystatlike structures. They showed that the plasmon in such stacks-dassical

due to direct consequence of the unique carrier density scaling law of the masmo
resonance of Dirac fermions. Their work could lead to the development of new types
of photonic devices such as detectors, modulators, and -dhmesmsional
metamaterial systems. However, graphene has inherently weak optical absorption at
visible and ifrared wavelengths, which limits realistic applications. To overcome
this challenge Fanetal. introduced nanopatterning of a graphene layer into an array
of closely packedraphene nanodisk81].

Figure 1.19: Controlling the plasma frequency of graphene by patterning

graphene (a) Pattening into graphene ribbons. Reprintedh permissionfrom Ju,

L., et al.,, Graphene plasmonics for tunable terahertz metamateridlature
Nanotechnology, 2011. 6(10): p. 6803 4. Copyri ght E 2011 N
Group (b) Making graphene/insulator stack®eprintedwith permissionfrom Yan,

H.G., et al.,Tunable infrared plasmonic devices using graphene/insulator stacks
Nature Nanotechnology, 2012. 7(5): p. 33@ 4 . Copyright E 20
Publishing Group (c,d¥raphenenano disksElectrostatic doping of these pattered
graphene introduces an additional control on the plasma frequeepyintedwith
permissionfrom Fang, Z.Y., et al Active Tunable Absorption Enhancement with
Graphene Nanodisk ArraydNano Letters2014. 14(1): p. 293 0 4 . Copyright
2013 American Chemical Society

The optical absorption of these arrays can be increased from less than 3% to 30% in
the infrared region of the spectrum. Furthermore, they studied the dependence of the
enhanced absorpti on nanodisk size and interparticle spacing. By integrating the
pattered disk in transistor geometry, they were able to tune plasma frequency with
the gate voltage. These active plasmonic devices highlight possible ways for
realization of novel devicessing gatetunable nature of graphene.
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Chapter 2

GrapheneBasedOptical M odulators

Optical modulators are commonly used in communication and information
technology to control intensity, phase or polarization of light. Elempter,
electroabsorption and acousiptic modulators based on semiconductors and
compound semiconductors have been used to control the intensity of light. Due to
gate tunable optical properties, graphene introduces new potentials for optical
modulators. The operation wavelength of graphessetd modulators, however, is
limited to infrared wavelengths due to inefficient gating schemes.

In this chapter we report a broadband optical modulator based on graphene
supercapacitors formed by graphene electrodes and electrolyte méditien.
transparent supercapacitor structure allows us to modulate optical transmission over

a broad range of wavelengths from 450 nn
also provide various device geometries including multilayer graphene electrodes and
reflection type device geometries that provides modulation of 35%. The graphene
supercapacitor structure together with the high modulation efficiency can enable
various active devicasnging fromplasmonics to optoelectronics.

2Copyright E 2013 American Chemical SociEe®.y. Thi s
Polat and C. Kocabas, "Broadband Optical Modulators Based on Graphene Supercapileitars,"
Letters,vol. 13, pp. 58556857, 2013/12/11 2013.
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2.1 Controlling the Optical Properties of Single
Layer Graphene

Monoatomic thickness, optical transparency and biizawl absorption of graphene
together with gatéunable carrier density, provide unique platform for eleoptcal
devices[9, 10, 92-94]. As we mentioned in the introductiomagphene interacts with
light throughinter-band and intrdband electronic transitior[®3] (See section 1.4).
Optical response of graphene at visible and near infrared frequencies is defined by
inter-band transition where thmomentum of light is not sufficient to create electron
hole pair in the same bandDue to the linear band structure of the graphene, the
inter-band transitions yield broadband optical response with constant optical
conductivity [95] (eq 1.34). At long wavelengths (far infrared and terahertz
frequencies), the intdrand transitions are blocked due to unintardlodoping,
therefore the optical response is doated by the low energy inttaand transition.

These transitions yield gatenable Druddike optical conductivitie$88].

, . (2.1)
» U p "Qu t
Where the, is the low frequency conductivityDrude conductivity)0 is the

angular frequency of light anidis the electron scattering time

Active optical devices such as detectf@6], modulatord94, 97], tunable antennas

[89] and metamaterials[80] working at far infrared and terahertz wavejtrs have

been demonstrated based on gateble intréband transitionControlling inter

band transitions of graphene in the visible and near infrared wavelength, however,
requires much higher carrier concentrati¢®8]. By electrical tuning of the Fermi
energy (E), theinter-band transition with energies less thag Scan be blocked

due to Pauli blocking resulting transparent graphene.

Liu et a. [87] demonstrated an electroabsorption modulator using graphene
integrated on an optical waveguide working at neftared (NIR) wavelengths. In

their work, the Fermi energy of graphene is tuned up to 0.5 eV through a dielectric
capacitor. Similar device structuressually back gated transistoreave been
implemented to tune photonic and plasmonic cavities opgradin NIR. The
electrical breakdown of the dielectric layer of the capacitor limits the operation in the
visible and NIR spectra. The working wavelength can be reduced down to 700 nm by
electrolytegating of graphene layef98-100. In the electrolyte gating schemes,
application ofa gate voltage polarizes the electrolyte and forms an electrical double
layer (EDL) near the graphene surface. Since the thickness of EDL is around a few
nanometer, EDL generates very large electric fields and associated Fermi energies.
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The electrochemidgpotential window of the electrolyte limits the maximum bias
voltage and the carrier concentration.

34



2.2 Graphene Supercapacitors Working as Optical
Modulators

As an alternative gating scheme, we propose to use supercapacitors instead of
dielectric capacitors. Supercapacitors, also called ultracapacitor or electric-double
layer capacitors, store charges at the electric ddabtrs formed at the electrolyte
eledrode interface. Carbon based electrodes provides very large surface area which
enhances energy storage capafit®1-103. Recent studies indicate that graphene
electrodes provide scalable approach for ultrahigh gngegsitieg101-103. Here,

we report use®f graphene supercaptmis asbroadband optical modulators. The
proposed device consists of two parallel graphene electrodes and electrolyte between
them. The modulator has simple parallel plate geometry, yet, with a very efficient
device operation. The graphene supercapacitoperate as electroabsorption
modul ators over a broad range of wavel en
conditions. We also studied various device geometries to increase the modulation
amplitude. We were able to obtain modulation of 35 % using ddgar graphene

with an ionic liquid electrolyte.

Figure 2.1 (a) shows the schematic drawing of the graphene capacitor used as an
optical modulator. We transferred large area graphene layers on -dalile

polished quartz wafers (1x2 cm graphene layees gtown by chemical vapor
deposition on copper foilseeSection 1.2 Graphene coated quartz wafers were put
together by a 100m t hi ck spacer . The gap bet ween
filled with an electrolyte solution. We used 5 mM solution etréibutylammonium
tetrafluoroborate (TBA BF4) in DI water as the electrolyte because of its large
electrochemical potentisvindow.

Application of a voltage bias between the top and bottom graphene electrodes
polarizes the electrolyte and generates doldjer formation at the interface of
graphene electrodes with different polarities. The double layers with different
polarities electrostatically dope the graphene electrodes and shift the Fermi energy of
graphene electrodes in the opposite directions. sthematic band structure of the

top and bottom gramme electrodes are shown in Fig@é (b) and (c). Unlike
dielectric capacitors where the voltage drops linearly between the electrodes, in
supercapacitors, the voltage drops sharply at the doubles lagea few nanometers)
which generates very large electric fields.

The equvalent circuit of the graphersipercapacitor is shown in Fig.1d. Superscript

AToO and ABO represent the top and bottom
arrows repreent the voltage dependent circuit elements. The charge density of
graphene layers defines the resistaMcY and the quantum capacitaricel® of

electrodes.
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Figure 2.1: Electronic properties of the graphene supercapacitor(@), Schematic
explodedview of the optically transparent double layer capacitor formed by two
parallel graphene electrodes trangdanted on quartz substrates and the electrolyte
medium (5 mM TBA BF salt in DI wat) between them. (b), (c) Schematic
representation of the electronic band structure of the top and bottom graphene layers
under a voltage biagd), Equivalent circuit of the uper capaci t or . Sup
and ABO0O represent the top and bottom el e
the voltagevariable elements. (e), (f), The variation of the capacitance and resistance

of the device as a function bias voltage, respeacely.

At room temperature, the quantum capacitafid®] of graphee is expressed as
[105 10§;
Q € 22
6 Q0 - = @2
UL
whereQOis the density of states is the charge concentration aimdis the Fermi
velocity.

To extract the voltage dependence of the circuit elements (quaafoseitance and
resistance of graphene electrodes), we measured the impedance of the graphene
supercapacitor as a function of bias voltage. We used an excitation signal of 200mV
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at 20 Hz and measured the phase and amplitude of the generated alternegimtg cur
through the capacitor. Figugl (e) and {) showthe measured capacitance and the
serial resistance of devic&oth the capacitance and the resistance show profound
voltage dependence. Thepacitancevsoltage curve in Figur@.l (e) shows two
distinct minima at-0.1 and 0.4 V, corresponding the charge neutrality points of
graphene electrodes where the quantum capacitance is minimum. Similarly, the
voltage dependence of the resistance (Eif).(f)) shows two distinct peaks at the
chage neutrality points of graphene electrodes. The total resistance including top
and bottom graphene el ectrodes, varies
changes from O V to 2V.

The value of minimum carrier concentration also defines the maximustarese

and the minimum quantum capacitandée minimum value of the capacitance
depends on the residual charge density however; the maximum value of the
resistance depends on both residual charge and carrier mobility. The mobility
difference between thgraphene electrodes is likely the cause of different resistance
values at Dirac points.

0 represents the @ttrostatic capacitance of thwuble layersWe measured the
value of6 as30-40 O F / 2dFiy. 2.2 (a) which is much larger than the quantum
capacitance of the graphene electrodésow doping concentrations 2 O%F / ¢ m
Therefore, the total capacitance of the optical modulator is limited by the quantum
capacitance of the electrodes (For capasitmnnected in seriethe equivalent of

the ciraiit is defined by the smallest capacitance.)

At high carrier concentrations the quantum capacitance of the graphene electrodes
i ncreases @anddeames Bom@aFablewith the capacizof the ionic
double (Fig. 2.2 (B) This causeélattening of the total capacitance at high carrier
concentrations.

The optical transmission through the graphene supercapacitor can be modulated by
blocking the intetband optical transitionin the fabricated graphene supercapacitor
each graphene eleonles has broad band optical absorption around 1.5 to 2 %
(Figure 2.3.
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Figure 22: Comparison of electrostatic capacitance and quantum
capacitance(a) Electrostatic capacitance of the electrical doldWer of aqueous
electrolyte (5mM of TBA BF4 in DI water) measured using gold electrodes. (b)
Calculated capacitance of the top)(@nd bottom (€) graphene electrodes (Dirac
point of the bottom graphene is shifted by 0.7 V), electrostatic double layer
(averaged value of 30 OF/cm2 calculated
equivalent capacitance 4§ of the super capacitor.q@epresents the total quantum
capacitance of the graphene electrodes. The difference betwyaed Gqshows the
contributon of the double layer capacitance. At low carrier concentration, the
capacitance is limited by the quantum capacitance and at high concentrations, the
contribution of double layer capacitance flattens the total capacitance.
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Figure 2.3: Optical absorption of graphene electrodes in graphene
supercapacitor.
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2.3 Hectro-optic Response

After the electrical characterizations, we measured elegttical response of the
graphene supercapacitor (Fig.42a)). By shifting the Fermi energy of the
graphene, one can block the optical absorption for wavelength with energies less than
twice the Fermi energy® ¢S S. We measured the optical transmission of the
capacitor in the visible and near infrared wawngth (between 506m to 1200nm)

using a FTIR spectrometeFigure 2.4 (b)shows the change of the transmission
against the wavelength and bias voltage betw2ehV to 2.4 V. The change of the
transmission is normalized by the transmission recorded.at

We observed a symmetric change in the transmission around 2% in the positive and
negative voltages indicating that absorption of only one electrode is modulated. The
spectral distribution of the change of the transmiski@sa steplike behavior wih
transition center ats sfor positive voltages is shown in Figurz4 (9. The
variation of¢s swith the bias voltage is shown by the scatted plot infe@@.4 ).
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Figure 2.4: Electro-optic characterization of graphene supercapacitor based
optical modulators. (a) Picture of the fabricated graphene supercapacitor. The black
regions are carbon electrodes that are used to make electrical contact to graphene. (b)
The normalized ltange of the transmission of the capacitor plotted against
wavelength and bias voltage. (c) The variation of the normalized change of the
transmission versus the wavelength for various bias voltages. (d) Fermi energy
(scatered plot) extracted from thelectro-optical response of the capacitor and
measured capacitance (solid red curve). Both Fermi energy and the capacitance

shows = dependence.

With the aqueous electrolyte, we were able to achisvesvalues as large as 1.8

eV. The maximum value of thbias voltage is limited by the electrochemical
window of the electrolyte. Application of a bias voltage outside of the voltage range
(between2.5 V to 2.5 V) induces irreversible structural deformation on the graphene
and reduces the modulation strengtiith the electrostatic doping, both Fermi
energy and capacitance scales Xagli€ where¢ is the total charge density on
graphene. To show the agreement, we plot the measured capacitance (red solid
curve) and;s on the same grafffrig. 2.4 (d))
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Themi ni mum val ue of)aodRemcendrgy (~280 me®ig.6 OF
2.5) is determined by the unintentional doping on graphene due to charged
impurities on the substrate and electrolyte.
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Figure 2.5: Near-infrared respond of graphene supercapacitor based optical
modulators. Modulation of the normalized transmission of graphene supercapacitor
at neasinfrared regime. The Fermi energy of undoped graphene is estimated as 250
meV.

The parallelplate geometry allows us to measure the Raman spectra of graphene
electrodes to monitor the electrostatic doping as function of bias voltage.-The 2
dimentional map of Rammaintensity is plotted in Figure 2.@)(against the Raman

shift and the bias voltagéVe observed strong voltage dependent Raman spectra
indicating $rong electrostatic doping. Figu26 (b) and 2(c) shows the voltage
dependencein Raman frequency and Raman intensity of G and 2D bands,
respectively, obtained from the fitting of the Ramgeaks. The @and shows a
profound change in the Raman frequency; on the other hanbda2®d shows strong
change in the Raman intensity. The physical mechanisms behind these behaviors are
different. The frequency change of the-land can be understood/ lunable
electronphonon coupling[107, 108. However, the mechanism of the intensity
change of 2Eband is due to change of possible inelastic light scattering pathways at
large Fermi engies [98]. Furthermorewe observed a distinguished asymmetry
between electron and hole doping. Electron doping (at negative bias voltages) is
significantly larger than hole doping (at positive bias voltage) likely because of
different gatingstrength of anions (BF) and cations ((CHCH.CH.CH,)sN*Y) of

the electrolytd109]. The results obtained from the Raman spectra suggest that under
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a bias voltage, the Fermi energytbé top andthe bottom graphene electrodes are
different owing to the asymmetric doping levels, therefore, we could only module
absorption of one gréwene electrode that results around 2% modulation. Raman
spectra of graphene electrodes under large bias voltage2 (Fi(d)) shows strong
defect mode-band). The appearance oftiand is irreversible indicatingtructural
damages of graphene due taedox reaction.
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Figure 2.6: Raman spectroscopy of graphene supercapacitor based optical
modulators. (a) Intensity map of Raman scattering of the graphene electrode as a
function of Raman shift and applied voltage. The labels indicated the D, G and 2D
Raman peaks of graphene. (b,c) Variation of Raman frequency and intensity of 2D
and G bands as a function lasiis voltage. (d) Raman spectra of defected graphene
electrodes after application @ias voltages larger than the electrochemical window
of the electrolyte.

With the agueous electrolyte, we were able to regechsvalues up to 1.8 eV. This
upper limitis defined by the electrochemical window of the electrolyte. To overcome
this limitation, we used a special ionic liquid (Diethymethylnigthoxyethyl)
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ammonium bis (trifluromethylsulfony) imide) with large electrochemical window
(from -3.5V to +3 V). lonic liquids have superior performance as an electrolyte
owing to their large electrochemical window, higher ion concentrations, and low
vapor pressures. Furthermore, the double layer capacitance of ionic liquids are larger
than aqueous electrolyte due &rythin (<1nm) Helmholtz layef109.

We measured the electaptical response of the ionic liquid based graphene
supercapacitor. The modulation of the optical transmission ieglattFig. 2.7 &).

We were able to apply bias voltages in the rangesdf to +3.5 V which yields

¢S Svalues of2.3 eV (Fig.2.7 (b)) without detrimental effects on the graphene
electrodes. Interestingly, for high negative bias voltages (8.5 V), we observed

an additional shoulder of modulation at long wavelength likely due to blocking the
interband transitiorof the second graphene electrodes. For aqueous electrolyte we
usually observed modulation strength around 2% owing to the doping of only one
graphene electrode. In the case of ionic liquid, we observed the same asymmetry;
however, at high voltages we obsed the modulation of the second electrode. The
illustration of the optical modulation mechanismtiodé capacitor is shown in Fig. 2.7

(c). The bias voltage drops uneverdy the quantum capacitance thie top and
bottom graphene layers owing to the amyetric charge dopingMaximum charge
density achieved with ionic liquid electrolyte is around 72X10cn? which yields
Fermi energy of 1.15 eV.
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Figure 2.7: lonic liquid performance in the graphene supercapacitor. (a)
Normalized change of the transmission of a graphene supercapacitor that uses ionic
liquid as an electrolyte for bias voltage in the rangebdfto 0 V. (b) The cubff

energy (2B as a funtion of bias voltage. (c) lllustration of gaiteduced change of

Fermi energy for top and bottom graphene for different bias voltage.

At a certain wavelength, we first observe optical modulation due the one electrode, at
large bias voltages the intband transition of the second graphene is blocked
resulting additional modulationThe measured capacitance and extraggedsdo

not match exactly for the ionic liquid electrolytEhere are two reasons that could
cause this deviation. The first one is thghhlevel of unintentional doping. From the
transport measurement of the supercapacitor structure with ionic liquid electrolyte,
we observed that the Dirac point is shifted towand-1V (Fig. 2.8). This shift is

larger than the aqueous electrolyte likely due to the unintentional doping of ionic

43



liquid which induces more residue charges on graphene. The second one is the low
interfacial capacitance of the double layer of ionic liquid. Even the idensity is

very high for the ionic liquid, the mobility of ions are much slower than the aqueous
electrolyte. Therefore the measured capacitance (at 20 Hz) underestimates the actual
capacitance of the device.
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Figure 2.8: Electrical properties of graphene supercapacitor with ionic liquid
electrolyte (a) The measured capacitance and resistance of graphene supercapacitor
with ionic liquid electrolyte. The scattered plot shows the extracted Fermi energy.
The deviation of the measured capacitance fiemdependence is likely due to the
large contribution of capacitae of the ionic double layerb) The measured
capacitance at frequency of 20Hz for farapacitor with gold electrodes and the
ionic liquid electrolyte. The capacitance is significantly less than the aqueous
electrolyte due to low ionic mobility of ions in the ionic liquid.
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2.4 Switching Performance

lonic liquid electrolyte allowsus to shift the optical modulation down to visible
spectra. We studied the switching performance of the modulator at the wavelength of
635 nm using a diode laser. Fig. 28 $hows spectra of the normalized modulation

at bias voltages of3 V and -2 V. The red vertical line shows the working
wavelength. We monitored the transmitted intensity while switching the bias voltage
with a time trace given in Fig. 2.®)( The recorded time trace of the normetiz
modulation is given in Fig. 2.X). The time respnse of the capacitor is limited by

the charging time which is defined by the resistance of the graphene electrodes and
the total capacitance of the modulator. The measured RC time constant of the
capacitor is around 200 mSincethe overlapping area ofrgphene electrodes is
around 2crf, the RC time constant is quite high. We also measured the frequency
dependencef the total capacitance (Fig. 2.8))X. The differential capacitance at
high frequencies decays significantly due to the low ionic conductfithe ionic

liquid.
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Figure 2.9: Switching performance of graphene optical modulators. (a)
Normalized transmittance of the capacitor at bias voltage? df and -3 V. The
vertical red line indicatethe working wavelength (635 nm) (b) Time trace of the
bias voltage applied between graphene electrodes. (c) Time trace of the normalized
transmittance. (d) The variation of the total capacitance as a function of frequency
at a bias voltage of OV.
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2.5Device Schemes

Optical absorption of a single layer graphene limits the madulafficiency around

2% (Fig. 2.10 &)). We proposed device strategies to increase the modulation
efficiencies by increasing the interaction of lighith graphene electrodeBigure

2.10 provides the illustration of the supercapacitor structures to increase the
modulation strength In the first approach (Fig. 2.18)] we increase the number of
graphene layers. We grew multiexygraphend~ 7-10 layer$ on copper foils and
transferredthem on glass substratéSig 2.11 (a, b)) Figure 2.10 d) shows the
measured normalized transmittance of the capacitor with multilayer graphene
electrodes.

@ (b) © \ f

Glass

—  Graphene
- — silver
‘v lonic liquid
v v
(d) (e
10+
-4V
g -
< —~
SR S
l— o
5 z
4 o)

N

ov

// 10 “v“
— '

0 : : : : 0 : ' '
500 600 700 800 900 1000 1100 500 600 700 800 900 1000 1100
Wavelength (nm) Wavelength(nm)

Figure 2.10: Various device schemes to increase the modulation efficiency.
Graphene supercapacitors using (a) single layer and (b) multilayer graphene
electrodes, (c) Reflection type graphene optical modulator. (d) Normalized
transmittance of the graphene supercapaeititin multilayer graphene electrodes.

(f), Normalized reflectance of the graphene supercapacitor with a reflecting surface.

We obtaineda modulation around 10%. Unlike single layer graphene electrode,
multilayer graphene yieldhore abrupt changes at lardeas voltage. Furthermore,

we tested the multilayer graphene electrodes formed by-bpyyer transfer
printing process. However, we do not obtained significant increase in the modulation
strength (around-2%) likely because of air gap or organgsidues remaibetween

the graphene layers which prevent efficient gating of underneath graphene layers.
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For CVD grown multilayer graphene, however, layers stack by van der Walls forces,
therefore, the underneath graphene layers can be gated by thad tleddonic liquid
electrolyte. Note that, due to the low density of states of graphene, top graphene layer
cannot completely screen the penetration of electric field of the electrblydle
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Figure 2.11. Single and multilayer graphene basedoptical modulators. (a)
Broadband absorbance of multi layer graphene on glass substrate (The red curve).
The black curve shows the background signal. (b) Photographs of large area single
layer graphene and multilayer graphene transfeited on glasssubstrates(c)

Raman spectra of single layer graphene (d) Raman spectra of multi layer graphene.

We observed that ionic liquid electrolyte can block the optical transition of graphene
up to 57 layers. In the second design, we used a reflecting sytfacexternal side

of the substrates is coated with 100 nm Ag) to double the interaction of light with

graphene electrode. With this reflection type device geometry, light passes through
the graphene layers by two times. We measured the reflectance &wantiple dr
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various bias voltages (Fig. 2.18)X. We obtained a modulation strength odwnd
35% in the neanfraredand around 20% modulation in the visible. The modulation
strength can be further increase by multiple reflections or placing the capzsesitor

in an optical cavity

Since the supercapacitor structure has parallel plate geometry, it can provide
polarization independent modulation which is a common drawlsackoptical
modulators (Fig. 2.12)Large area device geometry with polarizatiodependent
operation in the visible spectra yields a unique combination that can find many
applications in optoelectronics.
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Figure 2.12. Polarization independent operation of graphene based optical
modulators. (a) Schematic diagram of the graphene supercapacitor and the
polarization of light with respect to the device geometry. Normalized transmittance
of the supercapacitor for vertical (b) and horizontal (c) polarizations. The device
shows polarizadn independent operation.

Furthermore, graphene supercapacitor can be fabricated on flexible tmsbffig.
2.13) that can be useds electrically reconfigurable flexible coatings or smart
windows. The supercapacitor structuvih ionic liquid electrolyte they have very
low vapor pressures$ also compatible with ultrahigh vacuum systems which could
enable optical measurements at cryogenic temperatures to reveal thmduotala
properties of graphene.
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Figure 2.13. Graphene supercapacitors using flexible substrates. (&ingle layer
graphene transfer printed on a flexible PET substdaydN@rmalized transmission of
the flexible graphene supercapacitor for vasibias voltages.

We anticipate that the simplicity of the device geometry together with the efficient
gating scheme will enable new graphene based active optical devices ranging from

plasmonics to optoelectronics.
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Chapter 3

Electrochromism in Multilayer
Graphene

Graphene emerges as a viable material for optoelectronics because of its broad
optical response and gdtenable properties. For practical applications, however,
single layer graphene has performance limits due to its small optical absorption
defined by fimdamental constant$n this chapter we demonstratéenew class of
flexible electrochromic devices using multilayer graphene (MLG) which
simultaneously offers all key requirements for practical applications-dugtrast
optical modulation over a broad exrum, good electrical conductivity and
mechanical flexibility® Our method relies on electroodulation of interband
transition of MLG via intercalation of ions into the graphene layers. The electrical
and optical characterizations reveal the key featwkthe intercalation process
which yields broadband optical modulation up to 55 per cent in the visible and near
infrared. We illustrate the promises of the method by fabricating
reflective/transmissive electrochromic devices and rpikiel display dewes.
Simplicity of the device architecture and its compatibility with the-t@Holl
fabrication processes, would find wide range of applications including smart
windows and display devices. We anticipate that this work provides a significant step
in redization of graphene based optoelectronics.

Electrochromism provides electricaltpntrolled color changgl11-113. Color of

an electrochemically active material with strong optidadasption can be bleached

by electrontransfer reaction (redox). For example, a deep absorption which
generates blue color can be switched to transmissive state with white or orange color.

3Copyr i gh tNatke PRIlishidg Group. This chapter is reprinted with permission Eof.
Polat, O.Balci, and C. Kocabas, "Graphene based flexible electrochromic deveméstitific Reports,
vol. 4, Oct 1 2014.
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Various material systems such as metal ox[dd4], polymers[113, nanocrystals
[115 119 and carbon nanotubgd17-119 have been used as eleetctive
material§120.

The advantages of ECDs over the wedtablished liquid crystal display
technologies, are their low material cost and compatibility with nonplanar and
flexible surfaces. However many of these devices require fragile transparent and
conducting electrodes which hinder the realization of thi fwtential of
electrochromic materials for flexible applications. Various synthetic approaches
[116, 121] have been developed to integrate conducting polymer aotoring
molecules in a multilayer structure for flexible applications, however, low
conductivity of polymers and interfacial mismatched between the layers degrades the
performance.

The tradeoff between high contrast ratio and broad spectral respoasetiwer
technical challenge. High contrast ratio requires strong optical absorption which
limits the efficiency of the bleaching process. The full potential of flexible
electrochromic devices has yet to be realigE2P, 123. These technologies would
benefit froma material which is mechanically flexible, electrically conductive and
optically tunable in a broad spectrumn this chapterwe show that multilayer
graphene (MLG) provides all these challenging requirements and yields a new
perspective for optoelectrandevices.
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3.1 Multilayer Graphene Electrodes

Gatetunable optical properties of graphene have been the subject of an active
research in optoelectronid®, 8, 10, 84, 87, 89, 100 124129. The interband
electronic transition of single and bilayer graphene can be blocked by electrostatic
doping[10, 137. In previous chaptewre presente@ new type of optical modulation
scheme using graphene supercapacitors. We showed that optical transmittance of
single layer graphene electrode can be modulated by 2% via electrostatic[d@ping

87, 93]. However, controllingnterband transition of thick multilayer graphene is not
possible by electrostatic doping due to screening of the top ldydhss chaptewe

show that fast and reversible intercalation process can control optical absorption of
multilayer graphene whicyields a tunable optical transmittance with higintrast.
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Figure 3.1: Synthesis and characterization of multilayer graphene on flexible
substrates.(a) Transfer printing of large area multilayer graphendlexible PVC

substrates by lamination process. Multilayer graphene electrodes were synthesized
on met al foils (copper or nickel ), t hen
graphene coated side. (b) Etching the metal foils yields flexible multilayphemna

electrodes on the PVC support. (c) Photograph showing the flexible multilayer
graphene electrodes. (d) Raman spectra of the samples synthesized on copper and
nickel foils. (e) Optical transmittance spectra of the MLG electrodes using grown on
nickel at different temperatures. (f) Variation of the sheet resistance (blue curve) and
optical absorption (red curve) of MLG electrodes with the layer number.
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Figure3.1 (a) and(b) show the preparation steps of multilayer graphene electrodes
on flexible sulstrates. We synthesized large area multilayer graphene on metal foils
using chemical vapor depositioMultilayer graphene samples were synthesized on
25 Om thick copp @&lfa Aesaritem#13382kard Alfaf Aesat s (
item#12722 respective)yby dchemical vapor deposition at various temperatures
ranging from 850C to 1000°C at the ambient pressurez, HAr and CH gases were

used during the growth process. k&s served as a carbon feedstock and only sent
during the growth. Flow rates of the GHH2, and Ar were set as 30 sccm, 100 sccm,
100 sccm respectively. Growth times were 30 min for copper foils and 5 min for
nickel foils. After terminating the growth, the samples were left for fast cooling to
room temperature. By controlling the growth tiraed temperature, we obtained
series of multilayer graphene samples having various thickness (10 to 250 layers
according to the growth temperature.)

After the growth,we used lamination technique to transfer the multilayer graphene

on transparent PVC substrates. At 20 we | ami nated 750m t hi
graphene coated side of metal foils conformably and etched the foils from back side

in %30 hydrochloric acidsolution (Figure 3.1 (a,b))When the metal foils was
completely etched in an hour, the PVC support holding multilayer graphene was
rinsed in DI water and left to fast air dryingtching the foils with diluted
hydrochloric acid solution yields large argmaphene films on transparent and

flexible substratgFigure 3.2 (c)).The multilayer graphene remains stable on the

flexible PVC even after bending the substi@&igure3.1(c)).

ey

MLG grown on Ni foil c MLG grownon PVC

1cm I 1cm I

Figure 3.2 Multilayer graphene on metal and polymer substrates.(a,b)
Photographs of the bare nickel foil and graphene grown on nickel foil respectively.
(c) Photograph of graphene on PVC substrate.

We used copper and nickel foils as a growth substrate in chemical vapor deposition
of graphene layers. Figuil (d) shows the Raman spectra of graphene samples
grown on nickel and copper foils. The multilayer graphene samples grown on copper
foils are moe defective (intense-band) than the ones grown on nickel foils. This is
because of the different growth mechanisms; the growth mechanism on copper is
based on surface adsorption which yields defective multilayer graphene, however,
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the growth mechanismnonickel is based on precipitation of the dissolved carbon in
the foil [131]].

The growth time and the temperature determine the number of graphene layers
grown on nickel and copper foils, respectively. We estimated the thickness of the
synthesized MLG from the transmittance spectra medsured the sheet resistance

of the MLG electrodes using transfer length method (T ((Mgure 3.3.
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Figure 3.3: Resistivity and transmittance of various thickness graphene samples.
(a-c) Transfer line masurements for three different MLG. The slope yields the sheet

resi stance of t he el
q/ s q. (d) Optical transmi
measurerents.

SSi

ectrodes.

The

sheet

on spectra

Figure 3.1 (e) shows the optical transmittance spectra of various samples that have

MLG gr own

on ni ckel

at

temperatures

able to grow MLG up to 20 layers, however MLG grown on nickel foils, were much

thicker between 3Q00 layers.

The variation of the sheet resistance and optical

absorption with theayer number is given in Figure 3.1).(The sheet resistance
decreases from 1300 to 13 ohm/as| the number of layers increases from 14 to 98.
At the same time optical absoigt increases from 30 to 90 %.

The MLG electrodes on PVC have mechanical flexibility with bending radius down
to 2 mm with a constant the sheet resistance (withinFigoye3.4).
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Figure 3.4: Bending testfor the graphene electrodes(a,b) photographs of the
MLG electrodes on flexible PVC substrates. \@riation of resistance oMLG
electrode as the electrode is deformed. (d) The histogram of the resistance.
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3.2 Graphene Based Electrochromi®evices

To fabricate the electrochromic devices, we attached two graphene coated PVC
substrates with a spacer and filled the gap with an ionic liquid electrolyespacer

is a 250 Om thick frame containing 50 OL
methoxyethyl)ammoniumbis(trifluoromethylsulfonyl)imidefrigure 3.5 & shows

the schematic exploded view of the device. We started our investigation by
measuring the optical transmittance of the device.

o b

Multilayer graphene

Multilayer graphene

60

Q.

—

Acumulation Intercalation
(* )

a0}

Transmittance (%)
Intensity (a.u.)

20 F Qo
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[ JC 2 N I I \

o 1 1 1 1 1 0 1 1 1 1 1 1 1
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Wavelength (nm) Voltage (V) Raman frequency (cm™)

Figure 3.5: Graphene electrochromic devices. : &) Explodeeview illustration of

the graphene electrochromic device. The device is formed by attaching two graphene
coated PVC substrates face to face and imposing ionic liquid in the gap separating
the graphene electrodes. (b,c) Photographs of the deunder applied bias
voltages of 0 V and 5 V, respectively. The image of Bilkent University logo
[copyright permission from I.D. Bilkent University] appears at 5 V. Demonstrated
device is composed of two multilayer graphene electrodes synthesized’at €2¢h
having ~78 layers. (d) Transmittance spectra of the device under applied voltage
between 0 V to 5 V. e, Variation of the transmittance (at 800 nm) with the applied
voltage. (f) Variation of the Raman spectra of graphene electrodes under the applied
voltage. (g) Schematic representation of the proposed operating regimes, i.e.
neutral, charge accumulation, and intercalation, respectively.

For the voltage range from 0 to 2.5 V, we do not observe a significant change in the
transmittance however, awe increase the voltage further, the transmittance
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increass rapidly and the device becomenore transparent at 5 V
(http://www.nature.com/srep/2014/141001/srep0éd8def/srep064841.may).

(http://www.nature.com/srep/2014/141001/srep06484/extref/srepaSA 81y

Figure 3.50) and €) show the photographs of the device aaid 5 V, respectively.

We put the logo of our university behind the device with a backlight illumination. At
5V, the logo appears cldathrough the device (Figure 3.6)). The transmittance
spectra under applied voltage frdV to 5 V are shown in Bure 3.5 ). At 0 V,

the transmittance is only 8% and slightly varies with the wavelength. At 5 V, the
transmittance increases spiy to 55 % at 900 nm. Figure 3.8 §hows the variation

of the transmittance at 800 nm with the applied voltage. The mtaiulof the
spectra originates from the blocking of interband transitions of the graphene layers
via electrostatic doping. However, this requires effective doping of underneath
layers. Surprisingly, the above layers can be doped when we applied large bias
voltages. We propose that the efficient doping of above layers is due to intercalation
of ions into the graphene layers. According to our observation, using thicker spacer
which contains more i oni c devicg aperaion(in~100
terms of transmittance modulation or charging time. However using thinner spacer,
which contains less volume of ionic liquid, can cause electrical shortage between the
top and bottom graphene layers in large scale devices due to the sagging of the
flexible substrate.
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3.3 Operation Mechanism

To understand the mechanism behind the optical modulation, we measured the
Raman spectra of the graphene electrode under the applied #liggee 3.5 1)).

For applied voltages less than 2.5 V, Raman spettoav no significant change,
however, after 2.5 V, the intensity of-léand significantly increases, anddand
appears. Furthermore we observed a strong fluorescence background. The
enhancement of ®and and the background fluorescence indicate strong
electostatic doping of graphene layers while appearancelmdrial shows formation

of defects in graphene layd@sg].

Multilayer graphene electrodes

SR

Neutral Accumulation Intercalation

Figure 3.6: Mechanism for the electrochromism in multilayer graphene.
Schematic representation of the propospdrating regimes, (a) neutral, (b) charge
accumulation, and (c) intercalation, respectively.

These observations suggest that after a threshold voltage which is around 2.5 V, ions
can intercalate into the multilayer graphene through the induced defects and provide
effective doping on the above layers. The schematic drawings in FR@j6re
demonstrag proposed mechanism for the observed electrochromism. Applied voltage

less than 2.5 V, polarizes the ionic liquid and charges accumulate at the graphene
electrolyte interface. We named this ran
small optical modlation (around 2 % of the initial transmittance) due to doping of

the graphene layer at the electrolyte interfgagure 3.6 (b))

Applied voltage larger than 2.5 V induces structural defects and initiates intercalation
of ions into the graphene laydRgure 3.6 (). Appearance of intense-lkand in the
Raman spectra after 2.5 V indicates the formation of defects on the graphene which
enhances the intercalation process.
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We have tested various electrolytes including water based electrolytes and ionic
liquids. The electrochemical window of the electrolyte is a key parameter to achieve
effective doping of the graphene layers via intercalation process. We observed that,
water based electrolytes do not yield effective intercalation due to narrow
electrochenical window. We obtained the best performance with ionic liquid
[DEME][TFSI] which have an electrochemical window betweg® to 3.5 V.

At the very first cycle, we also observed that color change initiates at the edge and
propagates along the devidédure 3.7. The color change of multilayer graphene is
reversible and can be cycled many timesentionally created structural defects on
graphene with the applied voltage has only long term effects on device opah&tion.
showed that the devices are $&afor 70 cycles of switching between on and off
states. (~ 50 minutes of continuous operatiémgyre 3.9.

N

time

Figure 3.7: The variation of the optical transmittance of the device at +4 VThe
intercalation process starts from the edge of the sample and propagates along the
device.

We also measured a change in the resistance of MLG electrodes. For applied
vol tages of I ess than 5 V, the resistanc
When MLG is transparent, its resistivity is less than the neutral state. These
experiments suggest that the observed electrochromic effect is not because of a
chemical reaction that oxidizes the graphene electrgd&® 133 but it is because

of the intercalation process which electrostatically dopes the graphene layers.
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Figure 3.8: Switching performance of the graphene electrochromic devic&ime
trace of the (a) percentage transmittance and (b) charging current.
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3.4 Transmittance Modulation

Since the observed optical contrast is defined by the efficiency of the intercalation
process, the thickness of MLG determines the device performance. We fabricated a
series of devices using MLG with varying thickneBgure 39 shows the voltage
controlled transmittance modulation of 6 representative devices that have MLG
electrodes with various thickness. Devices shown in Fig@&r¢as) were fabricated

by using MLG grown on copper while the devices shown in Figude(@f) were
fabricated by using ML@rown on nickel foils.

The insets in Figure 3.9fashowthe estimated number of graphene layatsnber

of graphene layers are calculated through the transfer length method ghigarim

3.10. Since the graphene quality affects the device operaiorterms of
transmittance modulationMLG grown on copper or nickel foils yields some
differences in the device performanclickel foils produce more crystalline
graphene than copper foils. This significantly enhances the device characteristics.
For thedevices using MLG grown on copper, we observed a flat optical response
over a broad spectrum (Figur®3ac)), however, for the devices using MLG grown

on nickel, the modulation spectra show a broad peak centered at 850 nm (Fgure 3

(d-9)).

61



a 100 : . . . . b

@
o
T

Transmittance (%)
B (o2}
o o
. \W \

N
o

~38 layers ~16 layers ~12 layers

o

)
)

EOE R SR SN N

Wavelength (nm)

e
5V ~210 layers ~160 layers ~80 layers

1.

Wavelength (nm)

Figure 3.9: Effect of thickness and quality of graphene on the device
performance. Transmittance spectra (under applied voltage ranging from 0 V to 5
V) of electrochromic devices using various thicknesses of ML®vidas shown in

(a-c) use MLG grown on copper foils while devices shown Hf) (@se MLG grown

on nickel foils, respectively. The inset shows the estimated number of graphene
layers. The color bar shows the applied voltage.

Moreover, we also observedradeoff between initial optical absorption (a¥Pand
transmittance modulation efficiency. The thickness of a multilayer graphene
electrode defines the maximum transmittance modulation efficiency that the
electrochromic device can have. For thin MLG @~2yers), the optical absorption
can be blocked, however for very thick MLG (>50 layers), the intercalation process
is inadequate that yields diminishing optical modulatidine variation of the
transmittance ta800 nm is plotted in Figure 3.1(A) (for the devices using MLG
grown on copper foils) and Figure 3.Xb) (for the devices using MLG grown on
nickel foils). Graphene grown on copper yield less modulation but smooth variation
with the applied voltage, however, graphene grown on nickel yield largdulation

with steep variation with the applied voltage.
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