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Alstract

Recently, there have been enermous efforts to tailor the properties of graphene.
These improved propertiest extend the "prospect of graphene for a broad range of
applications. Plasmas find applications in various fields including materials science
and have been emergig in)the field of nanotechnology. This review focuses on
different plasmé funetionalization processes of graphene and its oxide counterpart. The
review aims at thewadvantages of plasma functionalization over the conventional
doping‘techniques. Selectivity and controllability of the plasma techniques opens up
future” pathways for large scale, rapid functionalization of graphene for advanced
applications. We also emphasize on atmospheric pressure plasma jet as the future

praspéect of plasma based functionalization processes.

Keywords: review graphene, doping, Plasma, Atomospheric pressure, plasma

functionalization.
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I. Introduction

Graphene, the 2-D allotrope of carbon, has gained significant attention, since it
was isolated in 2004 6y Geim and Novoselov.* Graphene is one atom thick honeycomb
lattice of sp® honded’ carbon atoms and is the elementary unit of all the graphite
allotropes. When wrapped it forms 0D dimensional fullerenes, after rolling it becomes
1D dimeénsiona! nanotubes and when stacked forms 3D dimensional graphite.

Graphené is renowned for its remarkable electronic and optical properties. The
most.interesting properties are its high thermal conductivity (5000 W/mK) 2, extremely
high foom temperature mobility of charge carriers (250,000 cm?*V '-s™") * which
exceeds its theoretical predicted value of 200,000 cm?-V '.s™' * high surface area

(2630 m?/g) °, optical absorption of ma ~ 2.3% ° and ability to withstand extremely high
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current densities. ' These superior electrical and optical properties arise from the
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undoped graphene. The charge carriers in graphene behave as massless Dirac fermions
and its conductivity never falls below a minimum value. Graphene also exhibits
anomalous and fractional quantum hall effect.” These electronics properties have been
determined to be superior when compared to many traditional matérials used presently
in the electronics industry. Other properties include its high mechanical stiffness
(Young’s modulus of 1 TPa) '°, complete impermeabilityto gasses* and its ease to
functionalization.’> Owing to its unprecedented properties graphene is potentially
important in the field of flexible electronics, super-fast transistors, photonics, energy
(generation and storage), sensors and biologys"**4#24°

Different techniques have been successfullyjimplemented to tailor properties of
graphene and graphene oxide (GO). As_Oraphene is a zero band gap semimetal, band
gap opening plays a crucial, role_in <its application in various electronic and
optoelectronic devices espeeiallyNinegic circuits. Chemical modification of graphene
has been the most widely used technique. This involves doping'’ and surface
functionalization.'®/The presence of electronegative oxygen functionalities can lead to
its p-type behaviotw Whilg the substitution of electropositive atoms such as nitrogen

into its lattiGeyn-type behaviour can be achieved.™ Absorption of different metals 24,

2324 can also modulate the electronic properties of

gasses/”* and“qrganic molecules
gréphene. Mofphology plays an important role in the graphene properties. Exfoliation
of graphite flakes led to graphene nanosheets proposed to overcome the hydrophobic
nature of graphene. This lead to the large-scale production of aqueous dispersions of

graphene.?? One dimensional graphene nanoribbons (GNRs) with width narrower

than 10 nm exhibit semiconducting behaviour opening the possibility of ultrafast
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jraphene field effect transistors.?’*® Edge regions of graphene sheets play a key role in
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Publishing owing to lesser thermodynamic stability with respect to arm-chair edges.”® Zero-
dimensional graphene quantum dots (GQDs) exhibit pronounced edge effects and
quantum confinement in comparison to GNRs in the same size regime. **** Due to
these GQDs exhibit superior optical properties than GNRs. Band gap, opening has also
been seen in strained graphene lattices, as a consequence of breaking of sub-lattice
symmetry.¥ It was also determined that creating rippleszon the graphene lattice by
basic thermal treatments could lead to stoichiometric. functionalization of graphene.
This is because strained areas in the lattice act as preferential'sites for reactions.

GO can be considered as a promisingialternative to graphene and is in essence
the monolayer of graphitic oxide. It can be _produced in large scale from low cost
graphite powder.®*** The history of graphite-powder extends back to year 1859 when
British chemist B.C Brodie investigated.the chemistry of graphite oxide.*® Brodie
determined the chemical compositionf'graphite oxide and determined it is dispersible
in basic water. His reaction involved “chlorate of potash” (potassium chlorate, KCl1O3),
graphite and concentrated nitkic acid. The most attractive property of GO is that it can
form stable dispersign inavariety of solvents compared to graphene, which is highly
hydrophohi6-2, Enahling it to be appealing for cheap, solution processed flexible
electrofic deviges.*

The exygen containing functional groups in GO have a profound influence on its
optical,_electronic, mechanical and electrochemical properties. There have been
extensive studies carried out to understand the structure of GO. Numerous models have
been suggested to depict the structure of GO.* According to these models the basal

plane of GO is decorated with hydroxyl and epoxy functional groups. While small
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amounts of carboxyl, carbonyl, phenol groups occupy the sheet edges. The polar
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Publishing -ange of organic, inorganic materials via covalent and ionic bonds. Moreover GO is an
electronically hybrid material. The sites with sp? carbon (r states) are conductive while
the C-O sp sites (o states) have a large band gap. Thus by adjusting the ratio between
sp® and sp® domains, GO can be transformed from insulator to 4 Semiconductor and

even to graphene like semimetal.’’

Reduction of GO is usually earried out through
chemical and thermal processes to achieve properties alike,of geaphene. The defects
created due to these oxygen functional groups reduce<the ‘egnductivity of GO sheets
and in turn makes it more electroactive. Thus finding«applications in biosensing and

electrochemical systems. ® All these properties makes RGO/GO, a suitable alternative

to graphene for various applications.*

Il. Introduction to plasma technology

Plasma, often gonsidered as the fourth state of matter, is a gas of charged
particles. Plasma’ can Dbe_denerated by heating a gas or by applying strong
electromagnetic. fields. The applied energy ionizes the gas by dissociating the
molecularibonds. The ionized gas contains equal densities of oppositely charged
particles (electrons and ions) rendering the gas neutral. These charged particles make
the_plasma electrically conductive. Plasma can be classified into different categories
which are listed below: *°

¢+ Operating pressure
e Low pressure plasma

e Atmospheric pressure plasma
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(Telectron = Tion = Tgas)

e Non- thermal plasma or non-equilibrium plasma (Teiectron >> Tion
~ Toas)
«» Temperature
e Low temperature plasma where temperature of the plasma is less
than 2000 K.
e High temperature plasma where température of the plasma is
more than 2000 K.
% Generation
e Microwave Discharge (300 MHz < f <800 GHz)
e Radio frequency discharge (ideally, 13:56 MHz)
e DC discharge
e Dielectric barrier disgharge
e Corona discharge
e Electric arc
e Hollow cathode diseharge
e Electron beam
e Plasma‘terch

e /Altergating current

Non-thermal plasmas+ave found applications in the field of materials processing
for the past fifty<years.“One of the major advantages of non-thermal plasma is that it
consistssof«abindant chemically active species, for reaction with different surfaces.
Thus plasma processing can provide unique opportunities for low temperature material
progessing which is by far better than the other non-destructive techniques. Presently
there“has been an increasing interest for atmospheric pressure plasmas in materials
pracessing, as it does not require the sophisticated vacuum equipment with respect to
the conventional vacuum based plasma systems. This reduces the material processing

cost. Figure 1 illustrates the applicability of various plasma processes in comparison to
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‘estricted within the dimensions of the electrodes. APPJs consist of charged particles,
neutral metastable species, radicals and radiations in the UV and visible regions.*? The
capabilities of APPJs have been realised extensively for biomedical applications. For
example, Larousi et al. ** demonstrated the potential of APPJ by illing various types
of bacteria. The low cross section of the jet resulted in @_localised ‘effect. This
illustrates the advantage of selectivity involved with this process«This low temperature
process can be used to sterilize medical equipment, mhichsis sensitive to heat. It also
finds applications in the field of food safety because of.its ability to deactivate bacterial
growth. The active species present in APPJ«anehange the wettability of surfaces.**
APPJ with extremely low concentration of 0xygen mixed with an inert gas can be used

for surface cleaning purposes. A recent review.by Penkov et al. *°

provides a detailed
overview on the various applications of2ARPJs. Clearly APPJs possesses an advantage
over other conventional techniques ‘#acluding vacuum based plasma technologies. Its
key features are simplicity of*“uge, low cost, ease to design and minimal power
consumption.*® It can“prove to be a powerful tool in the field of surface engineering

and functionaliZation of the 2 dimensional materials and the present review is intended

to justify this-elaim:

I1l. Plasma in Carbon Nanotechnology

Carbon based nanomaterials have empowered the world of nanotechnology
with their fascinating properties. A prodigious amount of research and

commercialisation of technology over the past decade or so and the new forms of


http://dx.doi.org/10.1063/1.4947188

carbon and its properties makes these materials unique and ever interesting. For
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axample, new exciting properties have continued to emerge from amorphous carbon,
Publishing DLC (diamond like carbon) to graphene. Carbon nanotubes (CNT) have been a major
focus of attraction to the scientific world of carbon until the discovery of graphene
whereas hard carbon coatings continue to be in spotlight for engineering community.
(Refer to Figure 2) There are numerous research articles and revigiwarticles on carbon

nanotubes. 47>
Low temperature non-thermal plasmas have beensextensively“used in the field
of materials processing for the past three decades. Fhese “plasmas have been
successfully implemented for processing (synthesis and functionalization) of
nanomaterials. They are also very signifieant™for the silicon-integrated chip (IC)
manufacturing.>® The techniques of reagtiveiion efching (RIE) and plasma enhanced
chemical vapour deposition (PECVD).are<af_utmost importance for semiconductor
processing. With its accomplishmenis in silicon industry, applications of plasma have
been broadened to carbon nanomatetials' (CNT and Graphene).” PECVD has emerged
as the alternative to high temperature CVD processes for the synthesis of CNT and

5

graphene. Recent studlies by} Meyyappan >* and Neyts ** present a comprehensive

review on PEEVD.growth of CNT along with the advantages of this technique.
PECVD has"also béen successfully implemented to dope CNT and graphene. >*°
Plasma,_based techniques have been predominantly applied to the initial
synthesis ‘of €arbon-based materials rather than post processing. Plasma also has
eonsiderable potential for post synthesis functionalization of carbon based materials.
Rlasma discharges can allow the fixation of different chemical species of the same

element to the graphene structure. Selectivity associated with plasma has opened new

dimensions in functionalising graphene in terms of creating definite structural defects
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and precision in doping. In the forthcoming sections of this review we highlight
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Publishing oresent the enhanced properties achieved by precise tailoring of these materials.
Attention focuses on functionalization using plasmas of nitrogen, oxygen, hydrogen

and argon.

IV. Nitrogen functionalization

Theoretical studies have revealed that doping “graphene with substitutional
impurities can significantly alter its electronicfroperties.>™® Due to its comparable
atomic radii and five valence electrons, nitrogén.has been considered as the appropriate
element for such doping. Additionally, with nitkiggen doping it was determined that the
density of states near the Fermi leyel gets,suppressed and the Fermi level shifts above
the Dirac point creating a band gap ®etween its conduction and valence bands. Thus
nitrogen doped graphene mantfests semiconducting behaviour. Nitrogen can occupy
different positions on.the.graphene lattice. In particular, depending upon its bonding
configuration, nitrogen can distort the m electron cloud of graphene and can also
change the hyBridization4tate from sp? to sp. ® In the case of GO, changes in oxygen
functionalities on the*graphene sheet with nitrogen doping have also been reported.
Thus fiitrogen doping extends the application of graphene to semiconductor devices ®,
sehsors % batteries ®, ultracapacitors ® and as catalyst in oxygen reduction reactions
66.

The effect of N, plasma functionalization of graphene and highly oriented
pyrolytic graphite (HOPG) was studied by Bertéti et al.’” A constant RF power of

100W at 13.56 MHz was applied on the biased sample. The maximum penetration
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Jepth of the N achieved was 15 A at 200V bias. The N," ions could only penetrate the
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Publishing lower bias voltage were unable to generate defects and could create covalent bonds
with pre-existing defect sites. With the increase in bias voltage the nitrogen content of
both the samples were determined to be the same. Indicating the creation of large
number of defect sites even in highly crystalline HOPG. Thus pléasimas accelerated at
sufficient bias voltage can modify the surface of graphene as well as graphite. (refer to
Figure 3) Lin et al. reported the evolution of graphene from, p-tyge to*n-type by means
of gas phase doping using ammonia plasma.®® Ammaenia plasma with flux of 3 x 10*
cm® was applied to the graphene substrate for a range'ef timé intervals on Ni substrate.
The nitrogen functionalities (N, NH, NHy) were~determined to form stable covalent
bonds even at elevated temperatures. Lin et«al.®® concluded that Raman spectra could
provide a means for calculating the<doping._level in graphene. The doping level
estimated by the changes in Ip/lc intensity, ratios was determined to be consistent with
the electrostatic gating of graphene ‘en Silicon substrate. Figure 4 and Figure 5 shows
variation in Fermi level and Dirac point with the evolution of G peak in the Raman

Spectra. Kato et al®®

tsed room temperature ammonia plasma to selectively dope the
edges of graphéneTheyuised a parameter controlled grid assisted diffusion plasma
reactor, whieh,can tcigger plasmas with low electron temperature. A rf (13.56 MHz)
powerSource“af 20 W was used for this plasma treatment. They confirmed the edge
doping by<Ra&man mapping measurements. Reducing entities were determined to
favolr.graphene edges for doping. On increasing the plasma power to 45W there was a
supstantial decrease in the conductivity of graphene. This reduction in carrier mobility

was attributed to increased carrier scattering caused by the rise in defect density in the

plane of graphene. There was a difference of 60V of Dirac point for these samples.

10
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. ™ reported a change of 12 mJ/m? after treatment with

olasma treatment. Baraket et a
ammonia plasma. Nitrogen containing ligands reduced the water contact angle from
98° to 52°, modifying the graphene surface from hydrophobic to hydrophilic. Thus,
amine functionalised graphene were determined to be biologically, active for DNA
detection.

The evolution of n-type behaviour of graphene due to“aitrogen incorporation
may be due to the increase in concentration of Stone-Wales defect in the graphitic
lattice. These defect sites act as electron donor impurity. Zeng et al. * deduced that
with the increase in rf power the probability<of fermation of Stone-Wales defect sites
increases, thus increasing the electron conegntration. Kelvin-probe microscopy was
used to examine the work function of‘graphene. treated with different plasmas powers.
They determined that the work functionvof.graphene changed from 4.91 eV to 4.37 eV
with the increase in plasmagowey, indicating a change in behaviour form p-type to n-
type. They also determined thatthe Fermi velocity (ve) of electrons is much lower for
the plasma treated graphiene in comparison to defect free graphene. The drop in ve has
been related tothe infrease in disorder after plasma treatment.”? The reactive species in
plasma capnet only, dope but can also dissociate different functional groups on the
lattice /By controlling the substrate temperature and the reaction gases monolayer
graphene “ean’ be achieved form multilayered graphene structures. Hazra et al.”®
aechieved monolayer graphene after plasma treatment at substrate temperature ~400 °C
using‘a gas mixture of N, and H,. Bulk quantities of nitrogen (200 mg) doped graphene

nano platelets were synthesized by Jafri et al.”* They used a radio frequency (R.F)

magnetron sputtering system working at a frequency of 13.56 MHz and 130 W plasma

11
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sower with a chamber pressure of 0.1 mbar. Nitrogen doping created pyrrolic nitrogen
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Publishing Jisorder also increased the binding energy between the graphene and platinum catalyst.
This resulted in improved performance in oxygen reduction reaction (ORR) with
respect to graphene/Pt electrodes. Enhanced catalytic property with nitrogen doping,

was also reported by Ding et al.”

They synthesized a core ghell structure, with
platinum nanocrystals encapsulated with graphene as shown in Figure 6. They
observed that air plasma treated samples showed the highest ‘percentage of nitrogen
doping. An exposure of 5 minutes exhibited the best electrechemical catalytic activity.
Thus, the presence of oxygen in the plasma aided<the enhanced nitrogen doping.
Nitrogen dopants created new activation sites “tfluemcing the spin density of the
neighbouring carbon atoms. Increased catalytic activity was attributed to the enhanced
mobility of the electrons between the_graphene and the catalyst. The increase in
binding energy between graphene aud metal nanoparticles can improve the ‘spillover
effect’ related to dissociative chemigorption of hydrogen molecule. ® A uniform
dispersion of Pd nanoparticles on.graphene was achieved by Parambhath et al. " with
nitrogen plasma treatment. This excellent dispersion is ascribed to the charge transfer
between modifiéd elgctronic structure of graphene and the metallic d orbitals. Nitrogen
atoms alsofassist Inwmigration of hydrogen molecules from nanoparticle sites to the
adsorbate surface. Raising the hydrogen storage capacity by 272% at 25 °C and 2 MPa

préssure. Ag freported by Shao et al

a 20 min exposure to nitrogen plasma,
manifested higher electrocatalytic activity toward oxygen reduction and H,0,
reduction than graphene. From the electrochemical studies they determined that, over

potential for the reduction of H,O, was greatly reduced for N-graphene. Figure 7

shows the CV and choronoamperometric response of graphene and N-graphene for

12
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also reported the increase in oxygen functionalities after nitrogen plasma treatment.
Along with a 27.5 atomic % increase in oxygen content, there was also a decrease in
sp® carbon signature in their X-ray photoelectron spectroscopy (XPS) results. For
nitrogen-doped graphene the carbon atoms bonded to the nitrogen<functional groups
possess significantly higher positive charges to negate the stfgng glectron affinity of
nitrogen atoms.® The increased density of positive charges:facititatesthe adsorption of
molecular oxygen and other reactive species hencefarth“accelerating the ORR. The
enhanced activity of N doped graphene toward H>Q, eléctrocatalysis, makes it a
promising candidate for glucose biosensing£’ The photocatalytic activity of nitrogen
doped monolayer graphene has been reported by Sim et al. A 10 Watt Rf (13.56
MHz) power source was used to generaie plasma with a maximum exposure time of 16
seconds. The exchange current density (Jo).for nitrogen doped graphene electrode was
determined to be 2.8 timessthat of bare*graphene electrodes indicating a much faster
charge transfer between electrodes and electrolyte. It was also observed that a
monolayer of graphenewith hitrogen moieties could act as an active charge transport
layer suppressing the oxidation of the Si photocathodes. Figure 8 shows the enhanced
electrocatalytic activity of N-doped graphene as reported by Wang et al.” and Sim et
al. 8 Moon etal. 3 synthesized blue luminescent graphene quantum sheets by direct
nitfogen plasma treatment of CVD graphene on Cu (refer to Figure 9). It is evident
from“their XPS studies, that the quantum sheets were doped with nitrogen (~2.7%).
The N-doped graphene quantum sheets with average size of 4.84 nm could readily be
dispersed in organic solvents, making it possible to transfer graphene to any arbitrary

|83

shaped photocathode. In a similar work by Sim et al. ® it was suggested that, these
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nitrogen doped graphene quantum sheets act as a catalyst for photocataytic hydrogen
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avolution on Si nanowire photocathodes. Here the time of plasma exposure being 12
Publishing seconds only. The N-doped graphene quantum sheet electrodes exhibited a photon to
electron conversion efficiency of 2.29%, higher than any other carbon-based
photoelectrochemical hydrogen evolution reaction catalysts. Figure 10 shows the
transferred graphene quantum sheets on Si photocathodes along with.its domain size.

Jeong et al. ® developed ultra-capacitors based on plasina processéd graphene,
manifesting capacitances 4 times higher than pristine graphene based‘analogues. Using
synchrotron based scanning photoemission microscopy.theyawereable to spatially map
the different nitrogen configurations at basal planes and at the edges of graphene. Their
findings include the increase of pyrrole like nitrogen defects with the increase in
plasma exposure along with the decrease inwgraphitic nitrogen content. Their density
functional theory (DFT) calculations were“eensistent with these experimental findings.
Thus the configuration of nitrogeq fumctionalities influences the electrochemical
characteristics of graphene.

In most of the studies mentioned above, nitrogen doping was achieved by post
synthesis plasma treatments)of graphene. Thermally’® and chemically™ exfoliated
graphene uponitregen plasma treatment at elevated temperatures showed a tendency
to re-aggregate, impeding its efficiency as battery anodes and supercapacitor electrodes.
Kumarfet al:€> addressed this problem by performing simultaneous reduction and
nitfogen deping of graphene at room temperature. The reduction was achieved by
mitroducing bulk guantities of graphene oxide to downstream microwave plasma with
gas mixture of H, and NH; (50 sccm each) working at 500W power. The as
synthesized samples showed high degree of exfoliation and lower onset potential for

oxygen reduction reaction. Among the several doping strategies reported so far each

14
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echnique favours specific nitrogen configurations. Lin et al.®® perceived that by
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aitrogen in  graphene. They heated the substrate to 850 °C to negate the effect of
adsorbates. At this substrate temperature a 10 min exposure to low energy ion beam
upshifted the Fermi level by 0.4 eV. Supported by their XPS results, this n-type doping
was attributed to graphitic nitrogen species. They also determinedhat the formation of
pyridinic nitrogen was initiated after exposure to thermally €xcited neutral nitrogen.
Their results inferred that even low energy ions cangsubstitute ‘earbon atoms in
graphitic lattice but neutrals can only fill in pre-existing.defects.

There has been a growing interest in applications of graphene in dye-sensitized
solar cells (DSSC). ®*° Graphene is a candidate to replace Pt as counter electrode
(CE) for DSSC. Pt shows excellent catalytic.activity towards reduction of I3 and also
posse’s high electrical conductivity. ‘Neveriheless, Pt counter electrodes restrict the
efficiency of bifacial DSSCs due to\it metallic reflectivity.®® Thus graphene can be a
suitable candidate for Pt free bifactal DSSC. Nitrogen doped graphene has already
been shown to have better electrogatalytic activity than its pristine counterpart. Yang et
al.” synthesized nitrogen doped graphene using a DC plasma source and used them as
counter electrodes.“The DSSCs showed an energy conversion efficiency (n) of 3.12%
with a treatment time of just 40 seconds. Due to higher transparency the N-doped
graphene filmMCEs exhibited much higher Mrear/Msront COMpared to that of Pt as CEs.
Graphene ‘€Es also showed superior stability to corrosion with respect to Pt electrodes
. theelectrolyte. A comparison between the photovoltaic performance of DSSCs with
nitrogen doped graphene and platinum counter electrodes is presented in Table 1.

Most of the plasma treatment techniques mentioned above needed low-pressure

environment, requiring sophisticated vacuum chambers and pumping systems.
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Publishing hanged the surface property from hydrophobic to hydrophilic. This change was
attributed to the increase in surface functional groups. They were able to achieve a
doping level similar to that reported by Lin et al.®® The schematics of the plasma jet
and changes in surface contact angle is shown in Figure 11/ According to time
dependent perturbation theory and the linear dispersion of grapheneg close to the Dirac
point, the level doping can be estimated from the shifteof G*and“(Awg) using the

following relation.

B _ 0o _ h—wq 2|EF| - hwG
hAwG = hwG h(l)G = }\-{lEFl + 4 In |2|EF| + hwg |} (1)
Where 4 fud
) - Znhngle; (2)

Here w is the wg for undoped: sample{ Ex is the Fermi level, Ayc is the area of the
graphene unit cell, ve the Rermi veloeity, D is the electron-phonon coupling of the I
point phonon having Eagsymmetrysand M is the atomic mass of carbon.

The large-scalg‘industrial /applicability of APPJ was acknowledged by Liu et al.”
They mentiongd that'surface treatments using APPJ could be four times more effective
than otherZConventional techniques, saving both energy and time. They investigated the
effect@of APPJtieatment on the DSSC performance. They achieved power conversion
efficiency, 0. 5.19% with APPJ treated reduced graphene oxide counter electrodes
under Hamination of 100 mW cm 2. The estimated power consumption per unit area

was.d.1 kd/cm? with a possibility of further reduction. Maximum photon to current

conversion efficiency corresponded to 11 seconds treatment, markedly reducing the
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arocessing time. Table 2. Lists the photovoltaic parameters of DSSCs with Pt and
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V. Oxygen Plasma treatment

The prospect of graphene-based nano devices relies on tuning the band gap of
graphene. A number of approaches have been pursued to opén<the band gap of
graphene. Chemical doping is the most widely used techniqde.” By customizing the

% and nanodets, *’ “quantum confinement

morphology of graphene to nanoribbon
induced band gap can be achieved. Edges of graphene(zig-zag or armchair) also affect
its band gap. Graphene treated with oxygen plasma show enhanced p-type behaviour.
Shift of Dirac point to positive gate bias voltage confirms the role of oxygen as p-type
dopant. This evolution of semiconducting behaviour is attributed to the hole doping by
O, plasma. At 50% O, doping the calculated-electronic and optical band gap are 3.6 eV
and 2 eV respectively.* Oxygen plasmacintroduces epoxy (C—O—C) and carboxyl
(C—OH) at the basal planesand edges of graphene, epoxy group being energetically
most favourable. DFT calculationg on epoxy and hydroxyl modified graphene reveal
the transition from semimetal to semiconductor. The presence of these functional
groups leads t@"streng photoluminescence in oxidised graphene. Whereas this effect
could not de<ghserved in multilayered graphene structure. Surprisingly the electric
transport propexties of plasma treated bilayer graphene have considerable resemblance
wifh “pristing/ graphene.®® Kim et al.”’ reported an exponential decrease in the
conduetanice and transconductance for multilayer graphene with oxygen plasma
treatment. Reduced mobility was attributed to the 2-D percolative conduction and

scattering of the charge careers at the plasma induced defect sites. Detailed Raman

spectroscopic studies by Kim et al.®® revealed that the average crystalline size of
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jraphene decreases with plasma treatment. This effect can be incorporated in the
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and shift of Dirac point towards positive gate bias can drive the application of
graphene in optoelectronic and sensor applications. Hwang et al. * fabricated organic
light emitting diodes using multilayered graphene as anode. With oxygen plasma
treatment on graphene a significant increase in the injection property was observed,
lowering the operating voltage and doubled the power efficigncy (14.5 Im/W to 24.1
Im/W).

Surface properties of graphene have been reperted t@_change substantially after
oxygen plasma treatment. Plasma treated graphene figld effect transistor (FET) was
fabricated by Liang et al.'® The oxygen plasma treatment was determined to enhance
the adhesion of graphene with the substrateybut the hole mobility was reduced three
times in comparison to graphene FETwJhe<increase in adhesion was attributed to the
creation of dangling bonds due to‘plasma, treatment, which in turn acted as surface
charge traps. This results were ‘eohsistent with the findings of Shin et al.®™ They
determined that the defects created due to plasma treatment changed graphene form
hydrophobic to hydroghilic.} Using Raman spectroscopy and water contact angle
measurements they«were 4ble to correlate degree of disorder with wettability. The
surface engfgy, of graphene increased with increase in the level of defects, leading to
hydrophilic nature. (Figure 12) By optimising the plasma power and exposure time the

weftability“of/graphene can be improved. Xie et al. %

applied hexane and oxygen
plasma,_on opposite sides of graphene to instigate asymmetric surface properties.
Hexane plasma increased the surface hydrophobicity while oxygen plasma treated

surface became highly hydrophilic. Thus the opposite surfaces showed markedly
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Jifferent electrochemical response. The asymmetric surface properties of graphene
! I P | This manuscript was accepted by Appl. Phys. Rev. Click to see the version of record. |

make It possible to fabricate graphene actuators.
Publishing For graphene grown via CVD, abundant amount of surface defects are
introduced during transfer processes.'®® Polymer residues after fabrication processes
affect the electrical and thermal properties of graphene. Plasma treatment can also be
used as post process cleaning step for CVD grown graphene.’2*<Cleaned graphene
showed enhanced conductivity and charge career mobility 4s shown in Figure 13.
Oxygen plasma can induce strong photoluminescence (Pk).in pristine graphene. This
phenomenon was absent for bilayer and multilayered.graphene. C—-O bond formation
was determined to be the reason for PL rather than quantum confinement effect at the
nanometre size sp?> domains of graphene. @xygen plasma etches graphite, layer by
layer. For graphitic structure the top mqst tayers get oxidised while the bottom layer
remains pristine. Thus optical emissiQferm_the top layer gets quenched by the

pristine bottom layer. Choi et ,al."®

repeited the terahertz and optical properties of
oxygen plasma treated graphenesRaman spectra revealed a blue shift in G band of
graphene with plasma treatment*accounting for the metal to insulator transition. Thus
oxidation results in decrease of free carrier density. These Raman results were
consistent with/he*viSibleand ultraviolet transmission spectra with similar blue shift in
the excitopie<absorption peak. After plasma oxidation, graphene showed enhanced
transmittance g both the UV and visible region with almost 100% transmission in the
1.5-55 eV _fange. The plasma-generated disorders increased the optical sheet
resistance’ of graphene by 10 times as determined by their terahertz time-domain
spectroscopy results. Thus they were able to synthesise highly transparent graphene

sheets with elevated sheet resistance, which can find applications in various

optoelectronic devices.
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High thermal conductivity of graphene accounts for its poor thermoelectric
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zs I P oroperty. The thermoelectric performance of a material can be measured in terms of a

Publishing Jimensionless parameter called thermoelectric figure of merit (ZT). Where ZT is
defined as:

7T = o ST (3)

Here o is the electrical conductivity, S is the Seebeck coefficient'or thermo electric
power, k = (k. + k) is thermal conductivity inclusive<of “electron and phonon
contributions and T is the temperature in Kelvin. The'sicong«energy dependence of the
density of states for graphene and the possibility:-to ashieve high power factor (o S?)
makes graphene a probable candidate fofsrecycling heat energy.'® Due to the
semimetallic behaviour the maximum value“ef S has been calculated to be less than
108

100 wV/K.2" The experimentally derived maximum value achieved is 80 pV/K.

With the introduction of defects in‘\graphene, values of S and ZT can be increased

109 | 110

further.™ Xiao et a repartedimaximum thermopower of 700 uV/K at 575 K with
oxygen plasma treatment on few fayer graphene. Though the electrical conductivity of
the sample was determined to decrease from 5 x 10* S/m to 10* S/m, the increased
thermopower gesulted in® a significant increase of power factor. The enhanced
thermopower was atteibuted to structural disorder after plasma treatment and oxygen
functignalities “had no effect on the increase. Figure 14 shows variation in the
temperature« dependent thermopower and conductivity with plasma treatment.
Transmission electron microscope (TEM) images reveal the loss in crystallinity of

1 studied the variation of thermal

graphiene with plasma treatment. Zhao et al. '
conductivity with lattice defects in graphene. They performed molecular dynamics

(MD) simulation and correlated with non-contact optothermal Raman measurements.
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Oxygen plasma treatment was found to decrease the thermal conductivity of graphene
| This manuscript was accepted by Appl. Phys. Rev. Click to see the version of record. |

significantly (~83%) even at extremely low defect concentrations (~0.1%). Formation

of carbonyl pair defects was determined to be the main reason behind this drop in
conductivity. Other defects such as hydroxyl groups, epoxy groups and vacancies
hardly had any influence. They proposed that a junction between selectively
functionalised graphene and pristine graphene could act as a_thermal rectifier with
rectification ratio of ~46%.

Plasma treatment has been determined to reddce the centact resistance at
graphene-metal interface.’*? Plasma generated defecfs and dangling bonds result in the
cohesive orbital overlap between Sp? carbon anfl tetal ‘d-orbital enhancing the carrier
transmission. Morphology of the metal graphene gontact also controls the contact
resistance. Due to the presence of stable 7n “bonds on the graphene surface larger
coupling length is expected. While fer the end contact junction formation of
covalent/ionic bonds reduce thé coupling length. Figure 15 illustrates the morphology
changes along with the vartaffen in contact resistance with oxygen plasma treatment.
Oxygen plasma has heén-used to fabricate transparent graphene electrodes of flexible
plastic substrates, 2 The'pattérned graphene electrode exhibited a high conductivity of
80 S cm ! and‘transparenty of 76%. Recently Surwade et al. showed the application of
nanoporods graphene as membrane for water desalination. *** Oxygen plasma was used
to create manopores of precise dimensions on the graphene lattice. The synthesised
nanopores showed exceptional selectivity to water molecules with respect to dissolved
K *, Na", Li*, and CI". They also tried electrons of varying energies (250 V to 20 kV)
and-gallium ions with energy of 30 kV. Defects created by these entities were similar
to those created by oxygen plasma, but these membranes showed negligible water

transport with respect to the plasma treated one. Proving oxygen plasma to be the ideal
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candidate for this purpose. The nanopores showed an extremely high water flux of

This manuscript was accepted by Appl. Phys. Rev. Click to see the version of record.
‘hree molecules per picosecond when the average nanopore density was 1/100 nm* and

axceeded their theoretical estimated values by an order of magnitude. These
membranes showed poor water flux (200 molecules/microsecond) when applied with
osmotic pressure gradient. Thus industrial applicability of nanoporous graphene still
remains a challenge.

Oxygen plasma can also enhance the molecular propérties’ of graphene. In a
report by Mao et al. ™ it was determined that graphene.treated With mild oxygen
plasma showed pronounced Raman peaks of adsorbed.Rhodamirnie B molecules. Most
intense Raman peak corresponded to O, plasma. (5 Watt) treatment for just 10 secs.
Due to the difference in electronegativity between carbon and oxygen, the increased
oxygen functionalities created strong local digole moments. This resulted in an intense
local electric field on the adsorbed molecutes..Another reason for the enhanced Raman
signal may be the p-doping of graphene.<This downshift of the graphene Fermi level
reduces the energy gap between theslowest unoccupied molecular orbital (LUMO) of
adsorbed molecules and the Fermi level. With the advantages of plasma, the

oxygenated graphene Can provide a propitious stage for molecular sensing.

VI. Hydrogenation

Elias.ét al. *° reported that graphene in spite of being chemically inert, can
react with-atomic hydrogen. The reaction can bring substantial changes in its electronic
and.structural properties. They determined that hydrogenation opened up a band gap
transforming graphene from highly conductive semimetal to insulator. Band gap

opening was attributed to the change in hybridization of carbon atoms from sp? into sp°,
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1exagonal structure of the lattice. Notably, the periodicity was markedly reduced. The

Publishing neutrality point shifted towards positive values of gate voltage indicating p type doping.

Also the charge carriers exhibited 2-D variable range hopping. Nevertheless, by
annealing they were able to restore the properties of pristine graphene. Indicating
hydrogenation being a reversible process. Similar changes have ‘been observed by
Wojtaszek et al.**’. They carried out hydrogenation in a reaétive jon etching system
with Ar-Hydrogen gas mixture. They were first to use«this technigue to carry out
hydrogenation of graphene. By controlling the applied bias voltage at the graphene
electrode, hydrogenation can be carried out without the sputtering of the carbon atoms
form the graphene lattice. Defects induced Qy hydrogén plasma were determined to
reduce the electron transfer barrier at “the interface of graphene and organic
semiconductor. Interfacial dipoles*Created. between graphene and F;6CuPc
(hexadecafluorophthalocya-nine) wes Augely reduced by treating graphene with
hydrogen plasma.*® This indicateS«that tuning the defect density in graphene by
hydrogen plasma is a suitable fer controlling electronic transport characteristics and
performance of organie.electronic devices with graphene electrodes. Figure 16 shows
the band alignment{etween graphene and F1sCuPc with plasma treatment. Eren et al.
19 investigated the“aptical response of graphene to hydrogen plasma treatment using
ellipsametry measurements. They observed changes in electronic and Raman spectra.
Hydrogenation could not affect the optical properties of graphene. With low energy
hydrogen’plasma, graphene was determined to retain its conductivity with T1/3
dependence of the electrical resistivity. Whereas, the high-energy hydrogen ions
sputtered carbon atoms, causing significant defects in the graphene lattice.

Elipsometric measurements revealed that hydrogenated graphene did not show any
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absorbance at A < 500 nm. Absorbance (E) was determined to be constant below the

This manuscript was accepted by Appl. Phys. Rev. Click to see the version of record.
zs IP Van Hove singularity, a characteristic of conducting 2-D materials. After chemical
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sputtering, graphene showed absorbance at A < 500 nm. Thus plasma-induced defect

I. 2% were able to

brings about changes in optical transport of graphene. Xie et a
selective etch graphene along its edges. They established that hydrogenation and
reverse hydrogenation processes could be balanced at milder temperature (300 °C)
without introducing any defects at the basal plane. They performed the same plasma
treatment at room temperature and at elevated temperature (800*°C). Both cases
showed formation of defects in the basal plane. The formation of stable C—H bonds
along the edges lead to the cleavage of adjacent G<C bends. Using this selective
etching along the edges they were able tQ narrow Jdown 14 nm wide graphene
nanoribbon (GNR) to less than 5 nm. Thissrimmed GNRs exhibited semiconducting
characteristics with high on/off ratios“(<-1000).at room temperature. Figure 17 shows
the changes in gate source voltage‘with plasma etching of graphene. Yang et al. *#
stated that the etching strongly depends on the crystallographic orientation of graphene.
Etching occurred at a faster rate“along the [2110] and slowest along [1010] direction.
They also stated that the H radicals attacked the carbon atoms at the edges. Forming
stable C—H behds esultihg in breakage of C—C bonds. Figure 18 is a schematic
representation«of thewfabrication of GNR arrays. In the report by Luo et al. *# it was
mentiohed thatspoth hydrogenation and dehydrogenation had a significant dependence
on/ the number of layers. Hydrogenation barrier for graphene is higher than that of
graphitic.Surface. By virtue of its lower hydrogenation barrier multi-layered graphene

get_hydrogenated much faster than single layered graphene. Thus by controlling the

plasma power and process time tailored structures of graphene can be achieved along
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nith precise hydrogen coverage. This technique for graphene etching can be ideal

| This manuscript was accepted by Appl. Phys. Rev. Click to see the version of record. |
suited to precisely tailor graphene without degrading its quality.

In plane ballistic charge transport characteristics and high mechanical strength
makes graphene an ideal candidate for electron microscope (EM) support stages.
Graphene being hydrophobic in nature renders it incompatible for biological
applications. Due to decreased conductivity resulting in accumulation of surface charge
makes its oxide counterpart less ideal as EM support stage. Russo and Passmore 2
determined that graphene treated with low energy hydrogen_plasma behaves as

hydrophilic. According to them the hydrogenation oceurs Via the reaction:

sp’C+H & sp®CH ()

The water contact angle was found to decrease-exponentially from a value of 91 + 0.5°
to a saturation value of 66 + 1,3° ¢erréspanding to a drop of 0.19 + 0.02 eV/nm? in
graphene water interfacials energy.“Even with hydrogenation the graphene lattice
remained conserved. The adsorptign of protein molecules on graphene grid was found
to increase substantially,after;hydrogenation along with improved quality of cryo-EM
images as shown in“kigurg’19. Thus the hydrogen plasma treated graphene can provide
a stable platform fordetection and characterization of biological entities. Felten et al.
124 repdrted a detailed study on the influence of different plasma parameters that effect
andl controk the hydrogenation of graphene. They were able to correlate between
structural ‘modifications with the energy distribution of the hydrogen ions with Raman
spectroscopy and Mass spectroscopy. Energy of the ionic species present in Hydrogen
plasma (H", Hz", Hs") reaching the graphene substrate strongly depend on the sample

position, chamber pressure and plasma power. The maximum value of ionic energy
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hey could achieve is 45 eV. This is much higher than the theoretically calculated

This manuscript was accepted by Appl. Phys. Rev. Click to see the version of record.
Jroton transfer barriers of graphene.” Thus with precise control over the plasma

anergy and knowledge of the ionic species graphene layers can be cleaned,

functionalized or even etched away layer by layer.

VII. Ar Plasma

Some of the properties of graphene such as high aspect ratie, presence of abundant

edges along with its excellent conductivity make it an ideal candidate for use in fuel

90,94 131,132

cell ®2° | i-ion batteries ®>*#"*% | supercapacitor **#*“and field emission sources

Irradiating graphene with low energy (1 KeV) Artions was determined to bring
changes in its surface morphology and electronic structure.™*® The irradiation increased
the sp® domains and also changed the defsity of states near the Fermi level. Qi et al. ***
found enhanced field emission of graphene with Ar plasma treatment, synthesised via
radio frequency PECVD on Si (100)‘substrates. The plasma treatment on the as grown
few layer graphene Sheet§ (ELGs) “was carried out with 10 sccm Ar flow. The
operating conditions were temperature =~ 800 °C , pressure ~ 150 Pa and radio
frequency power 5150V with etching times of 1 min, 3 min and 5 min. The turn-on
electric fields After Tumin{ 3 min and 5 min were determined to be 2.87 Vum?, 2.23
vum™* and 2:63 Vim, respectively whereas for the as-synthesized sample it was
3.91 win™. After3 min treatment the maximum emission current density at a field of
4.4V pm T increased significantly from 33 uAcm 2 for pristine sample to 1330 pAcm 2
Variatien-in the field emission of few layer graphene with plasma exposure time is
shewn in Figure 20. The enhanced field emission was attributed to the etching of the

folded edges to sharp and upright edges by Ar plasma. With prolonged exposure the

sharp edges become blunt decreasing the electric field strength at the edges. (Refer to
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“igure 21) Liu et al. *** reported improved field emission form graphene paper, which
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~as synthesized by annealing graphene oxide at 500 °C. They carried out the plasma

Publishing reatment in a dc magnetron sputtering system with 2 Pa background pressure and 150
W power. They determined that Ar plasma created ridges on the surface of graphene
paper. Due to increased field concentration, these formed ridges could emit electron at
lower field. According to their report after 3 min Ar plasma treatment, turn-on field
and threshold field of the GP were reduced from 2.3 V/um to 6 V/um and 4.4 V/ um
to 3.0 V/ um respectively. Ar plasma annihilated the strugtural Stacking and caused the
formation of sharp surface features. These features.chamged the characteristics of
graphene paper from hydrophilic to hydrophobic. These results were in accordance
with the findings of Qi et al. *3*

Due to the broadband transparency, and_ultrawideband tunability graphene has
attracted enormous interest in thg “field of photonic and optoelectronic
applications.™>**® The photoresponse of graphene have been widely studied in recent
years.’* % The inferior absorption (2.3%) and short recombination lifetimes (~1.5 ps)
of the photogenerated charge Carriers the sensitivity of graphene photodetector is

low.**® Thiyagarajan ‘et al.} '

observed a significant increase in visible light
photoresponse Avith«plasma irradiation of FLG. They used an atmospheric pressure
plasma reactorworking at 1 Torr pressure with 60 sccm Ar flow. Plasma exposure was
for 5 mins. Visible light (535nm) photoresponsivity increased to 0.47 AW™ from 10
mA/m™ after/plasma treatment. Plasma induced defects and oxygen functionalities
resulting dn formation of midgap states were responsible for this increase. The
photoCurrent values at 535 nm, 405 nm and 365 nm were determined to be 19.16 pA,
13.31pnA and 7.67 pA respectively. Figure 22 demonstrates the enhanced

photoresponce of FLG with the introduction of mid band states. Thiyagarajan et al. '**
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-eported that the gate tunable photoresponse of this defective graphene in the UV and
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AI P visible region. On exposure to visible wavelengths (405 nm and 535 nm) Vpi. shifted
Publishing ‘0 45 V while for UV (365 nm) exposure the Dirac point shifted to 22 V. Thus plasma
exposure resulted in p-doping and with UV exposure photoinduced desorption started
causing n-doping. The induced defects after plasma treatment act as charge separation

its photoresponse can be tuned. Narayanan et al. '* showed that

sites enhancing the photoresponse. Thus by controlling the defeckK sity of graphene,
h plasma generated
W

defect could substantially increase the electrical capacita ce)O yer graphene for
electrochemical energy storage. The increase was net.co istent with the increase in
plasma power. (refer to Table 3) Capacitance C;).ub f0r320 W plasma power with

respect to the pristine sample (1.9 pFem™ 4to 4.7 p@cm’z) and dropped when the
L -

plasma power was increased beyond 35@ ay be due to increased disorder in

the lattice or etching of the graphene&%&They also proposed a new length scale

L4 and correlated it to the distan %t\(een electrically active defect sites, which
&\q\a ler than the conventional Tuinstra—Koenig

contribute to capacitance.s L4
correlation length (structuml\lengh scale determined through Raman spectroscopy).

Where Ly = 1/(m%p 0 BThus distinguishing between structural and electrical

£
length scales fzﬂ defectivefl graphene.

VIII, = /mrprary and Future perspectives

)

fgnificant amount of research has been performed on graphene during the last

)

\/d e. This is driven by the realisation of the immense capabilities possessed by this
.
wonder material. Applications already recognized ranges from ultra-fast and flexible

electronics to optoelectronic devices, supercapacitors, water remediation, DNA
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ttachment, photocatalysis, oxygen reduction reaction catalysts and many more. To
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‘ealize these pathways functionalization of graphene and its oxide played a crucial role.
Publishing Many techniques of functionalization have been applied to extend the potential
applications of graphene. '*?

In the present review we discuss plasma functionalization as a potent
alternative to conventional techniques. Plasma functionalization/is_advantageous in
terms of controllability and selectivity associated with it. Thefoni¢ speciés present in
plasma can tune electronic and optical properties of graphene and can-even control the
surface hydrophobicity. Wet chemical functionalization 1mvolving precursors and by-
products fails in achieving localized effects in graphené and GO. With plasma
functionalization we can precisely tailor graphene properties by inducing localised
changes. Advantages of this technique Inelude time and cost effectiveness. This
process being clean and reliable opens_up-future pathways for large-scale industrial
implementation. Table 4 presents assummary of this article. Here we mentioned the
plasma parameters used for fugctignalization and thus the enhanced properties
achieved. However, most of the"plasma processes involve low-pressure vacuum based
systems. APPJ ganbe a promising candidate for various plasma based
functionalization apglications. In APPJ plasma is not confined within the dimensions
of the electfoedes. This low temperature and atmospheric pressure process can be used

for large-scale«woll-to-roll functionalization of graphene and GO.
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electrocatalysts for hydrogen production. The average diameter of the N-GQSs is 5 nm, as determined

rom a TEM image * Reprinted with permission from Sim et al., Energy Environ. Sci. 8, 1329 (2015).
Copyright 2015 Royal Society of Chemistry.
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Figure 11. (a) Schematic illustration of the atmaspheric pressure plasma jet system (b) Camera images
of contact angle measurements for as-synthesized, and«plasma-treated monolayer graphene with L
decreasing from 3 to 1 cm.% Reprinted with_permission from Lee et al., Curr. Appl. Phys. 15, 563

(2015). Copyright 2015 Elsevier.
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Figure<12. Water droplet on (a) SiC, (b) HOPG, (c) single-layer graphene on SiC, and (d) oxygen-
plasma-etched graphene on SiC at 10 W for 2 min. ' Reprinted with permission from Shin et al.,
Langmuir 26, 3798 (2010). Copyright 2010 American Chemical Society.
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plasma cleaning treatment. (a) Graphene ribbons have shown linear sou —d in current versus bias
voltages (I4—Vys) characteristics and conductivity increased approximately 1. times after the plasma
treatment process. Inset: Structured graphene nanoribbons. (b) Typical ambipglar characteristics, with a
higher hole conduction for graphene and hysteresis are observed jh both caseswThe electron and hole
mobilities are increased from 11.2 to 31.9 cm?/V s, respectively to 44,8and«43.6 cm?/V s with plasma

treatment.'™* Reprinted with permission from Peltekis et al., arbon NWY. 50, 395 (2012). Copyright
2012 Elsevier. 3
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Figure 14. HRTEM images of FLG films (a) before and (b) after oxygen plasma treatment. The
corresponding SAED patterns in the inset confirms the loss in crystallinity after oxygen plasma
treatment. (¢) Raman spectra of the FLG films. (d-f) Temperature- dependent (d) thermopower, (e)
electrical conductivity, and (f) power factor for the FLG films after different oxygen plasma treatments.
19 Reprinted with permission from Xiao et al., ACS Nano 5, 2749 (2011). Copyright 2011 American
Chemical Society.
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Figure 15. (A) Change in Rc due to plasma treatment for 15 ane.45 )and different gate modulation.
Inset: optical image of the designed TLM structure with, five-transistors. (B) Contact resistance versus
processing time, showing a large reduction in Rc at 35 to45s. (C:F) Variation of Graphene edge with
plasma treatment. The exposed graphene contact lengthe(L ey changed from longer to shorter. **?
Reprinted with permission from Yue et al., Nanoscale 7, 825, (2015). Copyright 2015 Royal Society of
Chemistry.
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igure }16.Schematic energy level diagrams of F;sCuPc prepared on (a) as grown graphene, (b)
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Sper.mission from Yang et al., Appl. Phys. Lett. 106, 133502 (2015). Copyright 2015 AIP publishing LLC.
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Figure 17. AFM images of a GNR (a) before and (b) after hydroM for 55 min. Room
temperature curves of drain-source current (l4) to gate-source voltage (V) of (€),a GNR (width of ~14

nm) device and (d) a plasma-narrowed device. *° Reprinted with permission from Xie et al., J. Am.
Chem. Soc. 132, 14751 (2010).Copyright 2010 American ChemicalSoc

w

£
- %
Figur ; Schematic procedures for fabricating a GNR array along a designated crystallographic

direction using anisotropic etching. b,c) AFM image for typical graphene patterns generated after O,
lasmal etching and after 50 W H, plasma etching at 500 °C for 6 min, respectively. d) Schematic
\dr ing of a GNR-FET using graphene as contact electrodes. e) AFM images of GNR-FETs with
different ribbon widths. f) Room-temperature transfer characteristics of GNR-FETSs at Vg = 10 mV for
three different widths: ~ 22, ~ 12, and = 8 nm. ' Reprinted with permission from Yang et al., Adv.
ater. 22, 4014 (2010). Copyright 2010 John Wiley and Sons.
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Figure 20. Field emission current density as a functiongof-electri figd for the as-grown FLGSs (a)
before and (b)—(d) after Ar plasma treatment for 1 min, 3imin.and.5 min, respectively, in which the inset
exhibits the F-N plots, corresponding to curves a, b,4¢c and"d, respectively. Reprinted with permission
from Qi et al., J. Phys. D. Appl. Phys. 43, 055302 (2010).€opyright 2010 10P Publishing.
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Figureéi21. Schematic equipotential model of the as-grown FLGS structure (a) before and after Ar
sma'treatment for (b) 3 min and (c) 5 min, respectively.** Reprinted with permission from Qi et al., J.
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concept for photocurrent generation for p-FLG. An incident photons (IP)

e valence band and generates an electron—hole pair via photon excitation
ization (I1) process. When the excited electron transfers to the lower
energy level in thé conduction’band and transfers the energy to another electron, initiating the AR
process. Each e st in this cascade increases the population of electron-hole pairs; the
multiexcitati e?e%\'g&( EG) effect exists, possibility of more excited electrons being trapped by
the MGB. %rent versus voltage (V) curve for FLG, before (red) and after (blue) plasma
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plasmagrradiations(c) The photoresponse I-V curve of the p-FLG device under dark conditions and also
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light “sources, ¥ Reprinted with permission from Thiyagarajan et al., Carbon N. Y. 73, 25
(2 4).Copsri t 2014 Elsevier

ﬁ

49


http://dx.doi.org/10.1063/1.4947188

This manuscript was accepted by Appl. Phys. Rev. Click here to see the version of record. |

AI P List <|)T tables

Publishing— Counter

. - Jsc (o) (1) /
Electrode Irradiation (mA/cmZ) Voc (V) | FF (%) M (%) TMrear / Mfront
Front 13.24 0.713 33 3.12
N-G 0.83
Rear 10.63 0.717 34 / 2.59
Front 14.05 0.717 65 4 \55
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Table 1. Photovoltaic performances of DSSCs with N-G-40 nd Pt CES'upnder the front and rear side
irradiation CEs.*® Reprinted with permission from Yang et al,, Elecgochim. Acta 173, 715 (2015).
Copyright 2015 Elsevier. C
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Table 3. Variation of Measured
Which was deconvoluted to yield thesSpace-Charge Capacitance (Csc) and the Quantum Capacitance

(Cg) with corresponding v of two-dimensional carrier density (np ), volumetric charge density (n),
eul%')energy (Ep). *** Reprinted with permission from Narayanan et al.,

Fermi-velocity (vg) and
Nano Lett. 15, 3067 (2015).*Copyright 2015 American Chemical Society.
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