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Functionalization of graphene is essential to interface it
with other moieties to expand the scope of its electrical/
electronic applications. However, chemical functionalization
and/or molecular interactions on graphene sensitively
modulate its electrical properties. To evaluate and take
advantage of the properties of functionalized graphene,

it is important to understand how its electrical attributes
(such as carrier scattering, carrier concentration, charge
polarity, quantum-capacitance enhanced doping, energy
levels, transport mechanisms, and orbital hybridization

of energy-bands) are influenced by a change in carbon's
structural conformation, hybridization state, chemical
potential, local energy levels, and dopant/interface coupling
induced via functionalization or molecular interactions.
Here, a detailed and integrated model describes factors
influencing these electrical characteristics of functionalized
graphene (covalent bonds, adsorption, n—n bonds, and
lattice incorporation). The electrical properties are
governed via three mechanisms: (a) conversion of carbon's
hybridized state, (b) dipole interactions enhanced via
quantum capacitance, and (c) orbital hybridization with
an interfacing molecule. A few graphenic materials are also
identified where further studies are essential to understand

the effect of their functionalization.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

wileyonlinelibrary.com

MICRD

341



342 www.small-journal.com

I [eViews

T.S. Sreeprasad and V. Berry

. Ad .
1. Introduction i . ch::';zf;‘r‘:“s‘er_ -,
Isolated from graphite for the first time in | gttice Ll Dipole-Dipole

2004, graphene is a single atom thick 2D

sheet of sp>-hybridized (double-bonded)
carbon atoms arranged in a honeycomb
lattice. Electronically, graphene is a semi-
metal with zero bandgap owing to the con-
duction band touching the valence band
at two points (K and K’) in the Brillouin

Bonding Site

zone.l¥l Graphene exhibits the highest sp’tosp’ Graphane
room-temperature  carrier mobility!>] Reductionin t-electrons I = =
measured for any material, a high optical COVﬂlelﬂ' Non-Cova Ielﬂ'

absorptivity (2.3%),[%) high thermal con-
ductivity (25 times that of silicon),'” and
high mechanical strength (it is the strongest
nanomaterial).!'"!] For several applications
it is important that graphene be function-
alized.'>13] These include high-specificity
sensors, transistors fabricated with atomic layer deposition
(ALD) for top-gating, and optoelectronic devices created by
interfacing graphene with dye molecules or quantum dots.
Therefore, it is important to understand the change in graph-
ene's electrical properties, which are influenced by its func-
tionalization and molecular interactions. The current reviews
on the electrical properties of functionalized graphene have
not produced a unified model for the functionalization/elec-
trical attributes of graphene.*23] This review outlines an
integrated model describing the mechanisms linking several
functionalization events to the electrical properties of func-
tionalized graphene (Figure 1).

2. Interplay Between Functionalization
and Electrical Properties

Functionalization and/or molecular interfacing of graphene
sensitively modulates its electrical properties.?* In order
to explain the correlation between functionalization and
electrical properties, we list the functionalization-related
phenomena, which directly influence graphene's -elec-
trical attributes: (a) conversion of the hybridization state of
carbon atoms,[?’! (b) creation of a barrier at the functionali-
zation site and within the electron-potential continuum,?*
(c) distortion of its 2D planar lattice,[*! (d) molecular-dipole-
induced doping,*! (e) amplified change in the density-of-
states due to graphene's high quantum capacitancel20-27]
(Cq = 4em/hd(n)"? - see Section 4),?] (f) hybridization
of the molecular orbitals with graphene,?®! (g) lattice incor-
poration and/or defects on graphene,®! (h) introduction
of new energy levels,?" and (i) introduction of strong edge
states and quantum confinement via structural constraints
(nanoribbons, quantum dots, nanomesh).P! In addition, the
electrical properties change as a result of the Schottky bar-
rier produced via transfer of charges from the electrode to
graphene and vice versa due to different work functions.
These modifications in the chemical, electronic, and structural
construct of graphene (Figure 1) can be caused by molecular
functionalization/interaction at graphene sites occurring via

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 1. A schematic of the effect of functionalization (covalent and non-covalent) on the
electrical attributes (charge density, scattering, electron—hole puddle size/density, doping)
due to a change in carbon’s hybridization state, graphene's quantum capacitance, lattice
distortion, charge transfer, dipole—dipole interfacing, and orbital hydridization.

(1) covalent bonding, (2) m—r interfacing, (3) physisorption,
or (4) lattice substitution. Direct covalent functionalization
of an sp?-hybridized carbon in graphene converts it into a
tetrahedral sp>-hybridized carbon, which causes a loss of the
free, sp?-associated 7 electron constituting the m-cloud on
graphene. On the other hand, atomic substitution of carbon
with another element (such as N or B) retains the sp? char-
acter; however, it disrupts the mw—cloud continuum due to the
addition or removal of an electronic state through the (more
electropositive or electronegative) substituting element. It
is important to note that non-covalent functionalization of
graphene via physisorption or n—rx interfacing does not dis-
tort the sp? network; however, it changes the doping density,
increases the density of electron-hole puddles, and creates
scattering sites. Also, the widely employed solution-gating of
graphene exploits the short distance of electric-double-layer
potential to effectively dope graphene. This review discusses
the mechanisms of changes in electrical properties caused by
different functionalization schemes, followed by a combined
model for these functionalization routes. We do not discuss
the change in electrical properties due to vacancy defects or
in graphene quantum structures.?*!]

3. Covalently Functionalized Graphene

3.1. Electrical Properties of Covalently Functionalized
Graphene

Covalent functionalization is the most studied form of
graphene functionalization, and probably causes the most sig-
nificant changes to graphene's electrical properties. Graphene
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oxide (GO) and reduced graphene oxide (RGO) are the most
commonly studied graphenic structures. Reducing GO pro-
duces RGO; however, RGO invariably consists of unreduced,
covalently bonded oxy groups.l*?! Covalent functionalization
of a carbon atom on graphene converts the planar sp” lattice-
point into a tetrahedral sp? lattice-point (Figure 2), which
breaks the potential continuum via creation of a quantum
well, leading to the introduction of a scattering site in
graphene. Further, the removal of the & electron from the
carbon atom reduces the carrier density and can introduce
a bandgap (via removal of electronic states) and/or a trans-
port barrier. The functionalizing molecule can also introduce
energy levels (edge states and functionalization states) in the
band structure of covalently functionalized graphene (CFG)
to make it an n-type or p-type semiconductor. Therefore, a
combination of the carrier deficiency at the sp? site, the asso-
ciated disruption of the electron-potential continuum, and the
distorted planar lattice causes a drastic reduction in graph-
ene's carrier mobility and a change in charge polarity/density.
For example, in comparison to graphene (room temperature
mobility = 10 000-50 000 cm?/V/s and intrinsic mobility limit
200 000 cm?/V/s), RGO, with few residual oxy groups, exhibits
a drastically reduced carrier mobility (0.05-200 cm?/V/s),
p-type behavior, and a finite effective bandgap®>-3°! of 0.2 to
2 eV.B%371 It is important to note that a more accurate depic-
tion of a functionalization-induced band structure change can
be predicted by density functional theory and Green's func-
tion simulations, which are not discussed in this review.
Charge transport depends on whether the function-
alization of graphene (a) forms domains or (b) is dispersed.
Several studies have shown evidence of the coexistence of
two domains containing sp?> (graphenic region with a low
bandgap) and sp? (functionalized region with high bandgap)
regions in some FGs, for example GO.PY Here, there is a
separation between the sp” graphenic region (which exhibits
high-conductivity (Klein tunneling)®®l) and the sp® region
(which exhibits insulating or semi-conducting properties).[?]

sp2to sp?
< removal of t—electron
y lattice changes from planar to tetrahedral
Y

=n orbital

. =carbon

=g orbital

sp?

Figure 2. (A) Schematic representation of the effect of change in hybridization of carbon.
Conversion of sp? to sp? leads to removal of the 7 electron and conversion of the planar

lattice to tetrahedral.
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Since the sizes of these domains have a wide distribution,
the carrier transport from one sp? region to another of dif-
ferent sizes, shapes, and varying transport barriers occurs via
variable-range hopping (Figure 3). This charge transport is
given by: I = I, exp(—(T,/T)"?), where the exponent 1/3 rep-
resents transport in 2D. Further, the smaller sp? region shows
quantum confinement-induced semiconducting behavior.
On the other hand, the dispersed functionalization leads to
a reduction in the mean free path and Fermi velocity, and
an increase in elastic and inelastic scat-
tering.*”) Also, while graphene sheets con-
tain electron-hole puddles due to inherent
structural imperfections,*’! these electron—
hole puddles are sensitively influenced by
functionalization!! and act as scattering
centers during transport. Interestingly, the
electron-hole puddles in turn influence
the functionalization of graphene.

109° 28’
3.2. Covalent Functionalization
of Graphene

Being highly inert and thermally stable,
graphene requires high-energy processes
to rehybridize its m-conjugated carbon net-
work. The most commonly used strategy
to functionalize graphene is oxidation of
graphite and its exfoliation in acid(* to
produce graphene oxide (GO), with oxy-
genated organic functionalities such as
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Figure 3. Plot showing the variable-range hopping exhibited by an
RGO sample from our lab. The optical image of the device used for the
measurment is also given.

carboxyl, epoxy, hydroxyl, carbonyl, phenol, lactone, and qui-
nine.[*3) This results in the formation of a large density of sp’-
hybridized carbons in the graphene network,[* which disrupts
the delocalized & cloud, converting graphene into an insulator.
The oxidation of graphite was first conducted by B. C.
Bordie in 1859[*] and later by Hummer, where graphite was
oxidized using potassium permanganate and sulfuric acid,
which is currently the most commonly used process.*?l Here,
Mn,0O; is responsible for the oxidation of aliphatic double
bonds in aromatic rings.*! In acidic conditions (i.e., in the
presence of H,SO,), MnO,™ reacts with a transient species
MnOj;* to produce Mn,0O; via the following reactions:

3H,SO; + KMnO, — 3HSO; + K™ + 0" + MnO;
MnOf + MnO; — Mn, 0,

In these reactions, MnO,~ can react with unsaturated
double bonds and cleave them to produce aldehydes or
ketone structures or to oxidize the double bond to produce
diols. The aldehydes can be further oxidized to carboxylic
acid groups. Dehydration of diols can result in the formation
of epoxides. Hence, a large variety of functionalities such as
carboxyl, carboxylic acid, hydroxyl, and ether are formed on
the graphene surface. These oxy groups can be further func-
tionalized with other molecular species via condensation,

Conalent

T.S. Sreeprasad and V. Berry

Table 1. Different strategies for covalent functionalization of graphene
categorized based on the mechanism.

Mechanism of
functionalization

Functionalizing molecules

Octadecyl amine,“ amine-functionalized
poly(ethylene glycol),’5% triphenylamine-based
polyazomethine, 51l amine-functionalized

Condensation reaction

porphyrin,’®2 amino acids and protein (adenine,
cystine, nicotamide, ovalbumin) and propyl
amine,*3! concanavalin A,545% isocyanates, 56!
diisocyanates,®”] oligoester using toluene-2,4-
diisocynate,*8 B-cyclodextrin,5% poly(vinyl
alcohol),!% and alkylchlorosilanes in the pres-
ence of butylamine and toluene.[61]

Dodecyl amine,[62! 4,4’-diaminodiphenyl
ether,!3] poly(oxyalkylene) amines, 64!
allylamine (solvothermal reaction), 5! 4-amin-
obenzenesulfonic acid,’®3 poly-L-lysine, 66!
polyethylene,”! dopamine,®®! polyglycerol,®*!
poly(norepinephrine),”% 6-amino-4-hydroxy-
2-naphthalenesulfonic acid,”! 3-aminopro-
pyltriethoxysilane,”? amine-terminated ionic
liquids,”3 and epoxidized methyl oleate.”4]

Nucleophilic substitution
reaction

Electrophilic substitution Diazonium salts of para-nitro aniline,*! 4-bromo-

reaction aniline, ¥l sulfanilic acid,"””! and aryl diazonium
salt (on surfactant-wrapped graphene),48.78]

polystyrene, 7!

N-methyl-2-pyrrolidone. 8]

Several Diels-Alder type reactions, 8! azomethine
ylide,!82:83] azidotrimethylsilane, 4 polyacety-
lene, 8 aryne, 8¢l cyclopropanated malonate, 8]
alkylazides. (88!

Addition reaction (including
cycloaddition)

electrophilic/nucleophilc substitution, and addition reactions,
as depicted in Figure 4 and Table 1. These reactions are dis-
cussed in the next section.

3.3. GO Functionalization

Functionalization or chemical modification of the oxy groups
on GO can lead to molecular (dipole—dipole) interactions
with graphene to further change its electrical properties.

Moo-Covalent

Hummers process

Covalent
Funetionalization
on 30
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Figure 4. Schematic showing various functionalization routes of graphene.
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For example, the amine compounds iso-
cyanate and diisocyanate react with GO
by forming amides and carbamate ester
linkages (condensation reactions, Table 1),
which changes GO's carrier density and
polarity. Similarly, in nucleophilic substi-
tution reactions, molecules with electron
lone pairs (e.g., amines) attack epoxides
(nucleophilic centers) on GO.[*"] Here,
a wide variety of moieties with different
dipole moments and electronegativities
can be grafted onto graphene (Table 1).
Electrophilic substitution reactions require
displacement of a hydrogen atom from
GO by an electrophile. Here, function-
alization with aryl diazonium salts is the
most feasible reaction,*8! which follows a free-radical mecha-
nism via an electrochemical reduction process known as the
Saevant method (Table 1). In cycloaddition reactions (Diels-
Alder reactions, [2 + 1] cycloaddition, and nitrene mediated
reactions), unsaturated molecules combine to form a cyclic
moiety with graphene (Table 1).

A @ Catom

3.4. Plasma-Induced Functionalization

Functionalization of graphene with species generated via
plasmas is gaining significant attention due to the ease and
versatility of the process. For example, the electrical proper-
ties of graphene can be changed significantly by hydrogen-
ating (reducing) sp® graphene into sp> graphane containing
saturated bonds via plasma-generated atomic hydrogen.!?’]
Here, graphane (on silica) exhibits a p-type behavior and
5.4 eV bandgap;® however, hydrogen adsorbed over
graphene on an Ir(111) substrate results in the opening of
a bandgap (450 meV) near the Fermi level.”" Fluorine and
chlorine are other highly reactive species which can function-
alize graphene via a similar mechanism to make it strongly
insulating (graphene—fluoride resistance > 10 I'Q at room
temperature). Graphene can be fluorinated via XeF,["1%2]
or fluorine gas at 600 °C,[*l and chlorinated via photochem-
ical chlorination!® or chlorine plasma.”™! Unlike hydrogen
and fluorine plasmas, slower reaction kinetics between the
chlorine plasma and graphene allow a controlled and non-
destructive chlorination.

3.5. Atomic Incorporation into the Graphene Lattice and
Consequent Electrical Properties

Graphene can be n- or p-doped via direct atomic incorpo-
ration of electropositive or electronegative elements on
its lattice (a) during its growth via chemical vapor deposi-
tion (CVD) or (b) by ion-radiation-induced vacancy crea-
tion and doping. CVD has been employed extensively to
produce monolayer graphene on metal foils from fluidic or
solid carbon sources such as methane (CH,) or poly(methyl
methacrylate) (PMMA) in the presence of hydrogen, which

small 2013, 9, No. 3, 341-350
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Figure 5. A) Schematic representation of the N-doped graphene where the blue, red, green,
and yellow spheres represent the C, “graphitic” N, “pyridinic” N, and “pyrrolic” N respectively.
B) Raman spectra of the N-doped graphene. The green, red, and black lines correspond to the
graphite-like, few-layer, and single-layer graphene, respectively. Enlarged spectra of the 2D
band (inset). Adapted with permission.[?%! Copyright 2009, American Chemical Society.

catalytically® strips hydrogen atoms from the carbon

source, producing reactive carbon which binds to produce
graphene (on a surface or during precipitation). The dopant
can be introduced during CVD growth. For example, Wei
et al.®] used ammonia (NH;) as a nitrogen source along
with CH, (1:1 ratio) in CVD to produce N-doped graphene
with ~8.9% nitrogen incorporated via lattice substitution.
A smaller fraction was incorporated as pyridinic or pyrrolic
nitrogen, as shown in Figure SA. In these forms, the nitrogen
is present in the m-conjugated system or contributes elec-
trons to the m system, respectively. As shown in the Raman
spectra in Figure 5B, the doping leads to a shift in the 2D
peak. All samples after N-doping show prominent D peaks,
indicating the large number of topological defects created.
The gating measurements on the N-doped graphene exhibit
n-type conductivity with a high ON-OFF ratio, up to 3 orders
of magnitude. However, the doping leads to reduction of the
carrier mobility of graphene by ~30%, probably due to the
breakage of the potential continuum at the lattice-incorpora-
tion sites. In the case of ion irradiation, Guo et al.’’l showed
that reversible vacancy defects can be produced on pristine
graphene via irradiation with different dosages of N* ions.
These defects produced highly reactive carbon sites, which
could be annealed back to a graphene lattice. However, expo-
sure of the defected graphene to ammonia (NH;) at high
temperature incorporated nitrogen into the graphene's defect
sites, producing n-type N-doped graphene, as confirmed by a
negative Dirac voltage (Vpj,.)- The carrier mobility of the
N-doped graphene was measured to be ~6000 cm?/V/s. Simi-
larly, boron can be doped into the graphene lattice via CVD
to produce a p-type graphenic sheet.[%8]

4. Electrical Properties of Non-Covalently
Functionalized Graphene

Molecules interfacing (n—m or adsorbed) on graphene do not
distort its lattice; however, quantum coupling of the interfaced
molecules enhances the effective electric field on graphene
due to the dipole moment of the molecule (Figure 6). This in
turn introduces scattering sites by changing the local poten-
tial at the attachment site, or by creation of high-density elec-
tron-hole puddles). Here, the density of states in graphene
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Figure 6. A) Schematic of a molecule interfacing with graphene, where the molecular dipole
moment applies a voltage Vp;,q. to graphene. Here, graphene could be suspended and have
a total capacitance of Cy, its quantum capacitance, or it could be on an insulator and have a
gate capacitance of Cg and trap capacitance of Cy,. B) The capacitance circuit for suspended
or surface-immobilized graphene with voltage = Vp,,- C) The charge density induced in
graphene due to molecular interfacing will be n = CqVp;,0e/€ (suspended) and Co?Vip;poie/ Ciore
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ionic bonds between graphene and these
metals.'1011 Doping can also alter the
electronic structure of graphene through a
charge transfer from/to the electron-donor
and/or electron-acceptor molecules. Some
examples where changes in the electrical
properties of graphene has been observed
include: (a) pyrene molecules attached on
both sides opening up a bandgap,'*? (b)
controlled adsorption of water molecules
inducing a bandgap of ~0.206 eV,1%% and
(c) adsorption of (2,2,6,6-tetramethylpipe-
ridin-1-yl)oxidanyl (TEMPO) through NO

(on insulator). Electron doping is illustrated here.

is significantly changed due to its high quantum capacitance
(given by Cq, = 4en'?/h9 (n;))'2, where e is the electronic
charge, & is Planck's constant, 9 is the Fermi velocity of the
Dirac electron, and #; is the intrinsic carrier concentration of
graphene. Figure 7A shows simulated results of the increase
in C, with an increase in intrinsic carrier densities (r;) and
doping levels (n*). The simulated result indicates that, as n*
increases, the minimum capacitance value decreases. These
trends were confirmed by measuring the total capacitance
and the quantum capacitance of graphene in an ionic liquid
(BMIM-PF), as shown in Figure 7B.

The quantum capacitance leads to enhanced effective
gating (AVy) from the interfaced molecules. AV due to the
dipole voltage (Vpipoe) of the molecule is given by ACg =
(Co/Cio0) Vipole: Here, Cipy = (C'g + C1y) ! and C, is the
gate capacitance. Therefore, due to the quantum capaci-
tance in graphene, the density of states is directly amplified
by the interfaced molecule's dipole moment and is given by
(Co/€)Vpipole for suspended graphene and (CZQ/eth)VDipole
for substrate-immobilized graphene.

Further, doping graphene with electron-withdrawing
groups creates a hole-rich graphene, while electron-donating
functionalities create electron-rich graphene. Similarly,
adsorbing metal atoms with high electron affinity (e.g., gold
atom adsorption®!) on graphene produces p-type graphene,
while alkali metal adsorption (with electron-donating capa-
bilities, e.g., Li, Na) produces n-type graphene by forming

radicals making graphene an n-type semi-
conductor.'l For m—7 functionalization
with aromatic molecules, hybridization of
the molecular orbital/s with graphene's valence band occurs,
where the net effect is the conversion of the semi-metallic
graphene to a metallic graphene. In all systems, the change
in carrier density (Aq) due to functionalization can be calcu-
lated by measuring the change in the mobility and density.
For back-gating studies: U, ier = (Alpg/AV)I(Co(liw)V i),
where Ui, is mobility of carriers. The carrier density can
be measured via silicon back-gating studies or Hall measure-
ments. Graphene's bandgap can be measured electrically by
variable temperature measurements(® from 4 to 300 K for
sheets or conductivity/gating analysisi®*’! for sheets, or by On/
Off rectification ratiol'®] and gating studies.’]

4.1. Non-Covalent Functionalization of Graphene

Non-covalent functionalization routes for graphene include
van der Waals interactions and n—r stacking of aromatic mol-
ecules on graphene. These forms of functionalization do not
disrupt the extended & conjugation on graphene and do not
create sp>-hybridized carbons or defects. Polycyclic aromatic
compounds like pyrene, perylene, anthracene, triphenylene,
and coronene (and graphene) can bond with one another
via m—orbital overlapping to form a n—r interface, which is
stronger than hydrogen bonding, van der Waals, or dipole—
dipole interactions (though not as strong as covalent bonds).
Therefore, most aromatic molecules exhibit 7— interactions

with graphene and can tune the electron

10

Quantum capacitance (uF cm-2)
Capacitance (uF cm ™)

density of the hybrid system via orbital
hybridization. These are the interactions
responsible for keeping graphene layers
together in graphite. The higher the number
of rings involved, the stronger the n—n
interaction. As an example, using pyrene-
1-sulfonic acid sodium salt (PyS)['%! as the
electron donor and the disodium salt of
3,4,9,10-perylenetetracarboxylic ~ diimide

T T T - T T T o o
03 -0z -01 00 o1 02 03 G 2
Graphene potential (V)

Gate potential (V)

-02 0o bisbenzenesulfonic acid (PDI) as the
electron acceptor, a donor—acceptor com-

plex can be fabricated on graphene, since

Figure 7. A) Simulated quantum capacitance of graphene at different effective charged
impurities n+. B) Total capacitance (bottom trace) and quantum-capacitance (top trace) of
graphene measured in ionic liquid BMIM-PF, as a function of gate potential. Adapted with

PyS and PDI have large planar aromatic
structures.'”71 Other examples of m—n

permission.l2”] Copyright 2009, Nature Publishing Group. interactions include functionalization of
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picket-fence porphyrin (FeTMAPP),[1%8] pyrenebutyrate,[1%]

porphyrin (5,10,15,20-tetrakis(1-methyl-4-pyridinio)por-
phyrin (TMPyP)),[""% coronene carboxylate,"!] and poly-
oxyethylene sorbitan laurate.[''?l Further adsorption-based
anchoring of polymers on graphene has been achieved
with ethyl cellulose,['¥] 1,2-distearoyl-sn-glycero- 3-phos-
phoethanolamine-N-[methoxy(polyethyleneglycol)-5000]
(DSPE-mPEG)!'™ and poly(m-phenylenevinyleneco-2,5-
dioctoxy-p-phenylenevinylene)  (PmPV),['"5]  PMMA 1]
poly(3-hexylthiophene-2,5-diyl) (P3HT) and poly[2-methoxy-
5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV).[1!7]
Here, the interfacing molecule's dipole moment and the
enhanced doping due to the high quantum capacitance of
graphene sensitively changes graphene's electrical proper-
ties.'"81 Another example of non-covalent binding is that
between oxygen functionalities (named 'oxygen debris')
and the sp? lattice region of GO. Here, the oxygen can be
detached under basic conditions.'*"]

4.2. Gas Adsorption

Gas molecules adsorbed on graphene induce a significant
change in its electrical behavior. Adsorption of NO, NO,,
NH;, H,0, H,, and CO!"?-123] molecules can act as donors or
acceptors, resulting in sensitive doping and changes to graph-
ene’s electrical conductivity. Graphene—being a perfect 2D
crystalline material which can be considered as having only
a surface and no volume, with exceptional conductivity even
in the limit of zero carrier density—will have significant fluc-
tuations in relative carrier concentration by the addition of
a few extra electrons.!'20-121:125-129 This molecular doping can
follow two charge-transfer mechanisms: (a) charge transfer
can happen depending upon the relative positions of the
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) of the adsorbate
with respect to the Fermi level of graphene in the density
of states. If the Fermi level of pristine graphene is below the
HOMO of the adsorbate in density of states, there is a charge
transfer towards graphene. However, if the Fermi level of
graphene is close to the LUMO of the adsorbate which is
situated below the Fermi level, the charge transfer will be
towards the adsorbate molecule; (b) the orbital hybridization
of the HOMO and LUMO with graphene can also influence
the charge-transfer process. There is an inverse relationship
between energy difference between the interacting orbital
and the extent of hybridization.

5. Integrated Model for Mechanism

Based on the review above, we propose three fundamental
mechanisms (or effects) of functionalization, which affect
the electrical properties of graphene post functionalization.
These are (a) conversion of the basal carbon's hybridiza-
tion state (sp? to sp’), which distorts the lattice, disrupts the
potential continuum, enhances electron-hole puddles, and
changes the density of electronic states; (b) interaction of the
dipole moment of the functionalizing/interfacing molecules
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with graphene, which leads to enhanced doping due to
quantum capacitance, increase in electron—hole puddles, and
disruption of the potential continuum, and; (c) molecular
orbital hybridization with graphene's electronic bands. For
covalent functionalization, the electrical properties are influ-
enced by all of the above three mechanisms. For molecular
adsorption and aromatic n—m interactions, a combination of
mechanisms (b) and (c) occurs. Two other functionalization
schemes which affect electrical properties are (1) introduc-
tion of defects, and (2) lattice incorporation. The defect acts
as a carrier-deficient center and lattice-distortion site, which
causes scattering (similar to the mechanism (a) mentioned
above). The lattice incorporation of a dopant might not
create a lattice distortion; however, it will lead to breakage
of the potential continuum and enhanced electron-hole
puddles, which will lead to enhanced scattering. The dopant
polarity is governed by the bonding mechanism, molecular
dipole moment, and its electronegativity; the mobility is gov-
erned by functionalization density, electronegativity (creation
of an electron-hole puddle), the bonding/interfacing mecha-
nism (lattice distortion and potential continuum), and sp?/sp?
domain sizes; and the transport mechanism is governed by
sp*/sp> domain-size distribution, and the bonding/interfacing
mechanism (potential barrier for transport and electron—
hole puddle distribution). The same mechanism can describe

the electrical properties of graphene/nanoparticle hybrids as
WC]l.“ao_Bz]

6. Future Scope for Research

While graphene functionalization has gained significant atten-
tion, relatively limited knowledge is available on the effect
of functionalization on sandwiched graphene sheets, such
as graphene bilayers with only one layer functionalized or
graphene trilayers with both outer layers functionalized. Here,
it is expected that the electrical properties will be influenced
by m—n bonding, orbital hybridization, and quantum-capac-
itance-induced doping (via dipole moments from the func-
tionalized layer), however, experimental evidence is required.
Importantly, the electron-hole puddle-induced scattering will
have to be studied. It is important to note that such structures
are challenging to fabricate and control. Another category of
graphenic materials gaining attention is graphene nanostruc-
tures, such as graphene quantum dots (GQDs) and graphene
nanoribbons (GNRs) which, due to quantum confinement
(<100 nm for GQDs and <50 nm for GNRs) and edge states,
open a bandgap. For these nanostructures, it is important to
study the combined effects of quantum confinement and func-
tionalization on their band structure. Further, the dimensions
of the electron or hole puddles (usually several micrometers
in graphene), if any, in these nanostructures will have to be
evaluated, especially for GNRs, which are considered to be
the ideal graphene-based material for transistors.

A recent study showed that functionalization on graphene
depends on the electron-hole puddles, which can signifi-
cantly alter both the Fermi level and the scattering-center
density to produce multifunctional graphene sheets.'*3 Such
multifunctional sheets with organized functionalized and
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non-functionalized domains need to be studied for their elec-
tronic transport properties. Similarly, graphene/boron-nitride
hetrostructures also need to be studied for their electrical
transport properties. Further, there is scope to conduct
detailed studies on the creation of electron-hole puddles on
graphene as a consequence of molecular interfacing and func-
tionalization. These could be scanning tunneling microscopy
(STM) experiments, which can locate the molecular attach-
ment site and map the electron-hole puddles around the site.

7. Summary

This review outlines a detailed and integrated model to
explain the factors influencing the electrical properties of
functionalized graphene (covalent bonding, adsorption,
m—r interactions, and lattice incorporation). The model
explains that the electrical properties are governed via three
mechanisms: (a) conversion of the sp>hybridized state to
sp?, (b) molecular dipole interactions and the associated
quantum-capacitance-enhanced doping, and (c) hybridization
of molecular orbitals with graphene's electronic bands. Also,
graphene trilayers with outer layers functionalized, graphene
quantum structures, and multi-functionalized graphene are
identified as upcoming graphenic materials where further
functionalization/electrical studies are required.
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