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The atomically flat surface of graphene provides an opportunity to apply carbon—carbon
bond-forming chemical reactions to engineer the electronic properties of graphene circuitry.

In particular, covalent functionalization of the surface or the edge of graphene ribbons

provides a novel way to introduce patterning that can modulate the energy band gap, affect

electron scattering, and direct current flow by producing dielectric regions in a graphene
wafer. We discuss the use of Raman spectroscopy and scanning tunneling microscopy to

characterize the surface functionalization periodicities and densities that have been produced
by the chemical derivatization of epitaxial graphene together with the concomitant changes
in the electronic and magnetic properties of the graphene surface layer.

The isolation of graphene supported on Si wafers (XG),' the
synthesis of epitaxial graphene (EG),” and the fabrication of

graphene nanoribbons®* has now placed the graphene two-
dimensional st-electron system on the semiconductor industry
roadmap for emerging logic devices. In principle, the availability
of large-area graphene wafers offers the opportunity to fabricate
the fu%l complement of Si CMOS electronic devices and circuitry
from carbon and additionally provides a route to new state variables
for the semiconductor industry. Such an approach would require
the atom-by-atom chemical functionalization of the whole gra-
phene wafer and would therefore involve the practice of
organic chemistry with a precision that is usually achieved
only within natural systems.’> Chemically modified graphene is
expected to be broadly useful, and applications In catalysis
and energy are already the subject of article highlights.®” In
the present Perspective, we discuss the use of Raman micro-
scopy and spectroscopy, scanning tunneling microscopic

imaging, and physical property measurements on nitro-
phenyl (NP)-functionalized EG as a rational methodology
to advance the covalent chemistry of graphene for future
electronic applications.

In the case of silicon CMOS technology, silicon dioxide
served as the insulator for many years but is gradually
being replaced by materials with higher dielectric
constants (for the transistor gate, although the Si/SiO2
interface is still present) and lower di-electric constants
(for the interconnect insulation). The inter-connect wire is
now copper after many years of utilizing alumi-num as the
metallic conductor (no energy gap), and the logic devices
are still field effect transistors based on doped silicon
channel semiconductors (band gap ~ 1.1 eV). There are many
important engineering characteristics for these latter two materials,
which include the mobility (1), which is typically 4 = 43 cm®/V
sec (copper) and u(electron) = 280 cm®/V sec (doped silicon),
and the carrier concentration (n), where n = 8.5 x 10** cm >
(copper) and n & 10*° cm > (dopant concentration) in transis-
tors used today.®
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Figure 1. Energy band gap in carbon nanotubes and graphene induced by covalent chemical functionalization. (a) Structural schematic of a
dichlorocarbene functionalized (5,5) SWNTs. (b) Change in the optical absorption spectrum of SWNTs as a function of the density of side-wall
functional groups. The absorption band in the far-IR region is characteristic of the metallic SWNT's and is lost as dichlorocarbene progressively adds

across C=C bonds and saturates the conjugation. 13,

' The inset shows a schematic of the interband transitions in SWNTs. (c) Structural schematic of

NP-functionalized graphene. (d) Angle-resolved photoelectron emission spectroscopy of NP-functionalized epitaxial graphene showing two dlffuse
bands highlighted by the dashed lines, corresponding to Dirac cones with a band edge 0.36 €V below the Fermi level, estimated from constant energy cuts."®

In terms of the electrical characteristics of graphene, it has
already been shown that gr ghane, (CH),, and fluorographene,
(CE),, are highly resistive and thus could provide the
dielectric and serve to pattern the wafer with insulating regions
in order to inhibit the flow of an electrical current. The other key
components are the logic devices and the wiring (interconnects).
It is well-known that graphene can exhibit mobilities, p >
200000 cm?/V sec, but at very low carrier densities, n,p &
10" cm ™ ? (n3p ~ 10" cm ™ 3); furthermore, pristine graphene is
a zero band bap semiconductor with a vanishingly small density
of states at the Fermi level, even though it remains a conductor
without the usual complement of carriers. Clearly, it represents
an imposing chemical challenge to fabricate interconnects and
logic devices in a wafer of graphene.

Beyond conventional Si CMOS components, logic devices
based on new state variables, such as electronic and nuclear spin,
pseudospin, and quantum interference, have been proposed for
graphene. The development of these technologies requires very
specific preparations of graphene. For example, graphene can act
as a half-metallic ferromagnet when the current is allowed to pass
along a zigzag edge." Ata sharp p—n junction (order of electron
de Broglie wavelength) of graphene, it will be possible to focus,
collimate, and observe Iensmg effects of electrons and build devices
based on electron optics."” An array of graphene quantum dots has
been proposed for spin qubits.® Lithographic fabrication of
conducting channels of graphene in order to generate a confine-
ment-related energy band gap may result in a high density of carbon
dangling bonds, which imposes restrictions on the edge structure.'”

Alternatively, patterning of the conjugated network could
be achieved using C—C bond transformation reactions, so that
lattice vacancies or dangling bonds are eliminated. The covalent
functionalization approach to band gap engineering of periodic
conjugated carbon materials was first demonstrated in single-
walled carbon nanotubes (SWNTs); Figure 1 shows the progres-
sive introduction of a band gap in metallic SWNTs as a function
of the density of side-wall functionalization. The dichlorocarbene
molecule used in this reaction forms a covalent bond across the
double bonds, and as the number of functional groups increases,
the conjugation length in the metallic SWNTs is reduced, and the
electronic band structure reflects the removal of states at the
Fermi level.'* It is possible to envisage a suite of chemical-bond-
forming reactions such that the conjugation of one, two, four, or all
six 7-electrons in the graphene six-membered ring are disrupted.”**"

Electronic Structure of the Radical Addition Product of Graphene.
The electronic and magnetic properties of graphene functional-
ized by radicals at single carbon centers have been studied
theoretically, showing that it is possible to functionalize in a
manner that gives rise to a band gap and under certain circum-
stances may lead to ferro- (ferri-) magnetism.'®**">* Many of
these theoretical treatments refer to hydrogen chemisorption
defects that correspond to the addition of a hydrogen atom, but
in terms of the electronic structure of the resulting sr-radical,
which becomes embedded in the graphene lattice, the aryl radical
and hydrogen atom addition processes are functionally identical.
A number of routes have been reported for the generation of aryl
radicals,®® but the reduction of diazonium salts offers one of the
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“The product structure represented in 3 is expected to be diamagnetic,
while the structures represented in 4 would give rise to a ferromagnetic
interaction between the spins.'®** 2’

simplest mechanisms for grafting aryl groups to the surface of
sp>-hybridized carbon materials,”' > resulting in the generation
of a delocalized 7r-radical (2, Scheme 1); although we display this
as a single Kekule structure in Scheme 1, detailed calculations
show that spin density is delocalized over many carbon atoms,
with the highest spin density in the vicinity of the point of
attachment of the aryl group (discussed later).”>** For small
substituents, pairwise additions in the A and B sublattices are
favored on thermodynamic grounds,””* resulting in formally spin-
paired Kekule products such as 3, although the preferred 1,4-mode
of functionalization (25% coverage) is precluded by the physical
size of the NP group.”**>** There are a number of additional
factors that suggest that other modes of addition may be possible
and that magnetic products such as 4 may be produced in which
both additions have occurred in the A sublattice, thereby leading
to open-shell (non-Kekule)* structures.””** The aryl radical is
an extremely reactive species and the addition reactions may
occur under kinetic rather than thermodynamic control, thereby
leading to statistically significant quantities of products such as 4.
Furthermore, under certain reaction conditions, the diazonium
reaction produces doéping of the graphene substrate rather than
aryl radical addition;™® this is a particularly important observation
and is discussed further below.

Relationship of the Graphene Radical Addition Product to
Molecular Odd Alternant Hydrocarbon mr-Radicals. It is of interest
to relate the electronic structure of the quasi-localized states that
are encountered in the hydrogen chemisorption defect in graphene
and graphite to the familiar s7-radicals that occur in organic
chemistry. Discernible perturbations to the electronic structure
of graphite and graphene by the hydrogen chemisorption defects
have been estimated to extend up to 10 nm from the site of
hydrogen attachment,””*”~*® and thus, the resulting spin density

Scheme 1. Structures of the NP-Functionalized Epitaxial
Graphene Products Formed by the Spontaneous Electron
Transfer from EG to p-Nitrobenzene Diazonium Salt”

is delocalized over more than 10,000 carbon atoms. These remarkable
structures correspond to extraordinarily large carbon sr-radicals;
the very efficient delocalization of the spin density may be res-
ponsible for their chemical stability, which allows them to exist in
the atmosphere and to be observed by a number of techniques.**
In the graphite literature, these superlattices are referred to as
defect states, but as we show below, they have a very interesting
relationship to an important class of well-defined organic 7z-radicals,
those that may be classified as odd alternant hydrocarbons
(OAHs).** Thus, in this section, we relate the radical addition
product of the graphene lattice to its smaller (molecular) carbon
s-radical counterparts in organic chemistry such as benzyl ()
and phenalenyl (6) (Scheme 2), which both belong to the class of
radicals known as OAHs. It is particularly opportune to cast the
problem in terms of OAH s-radicals as it is possible to solve
directly for the coeflicients of the nonbonding molecular orbital
(NBMO) of these radicals by inspection.** The molecular NBMO
is the counterpart of the quasi-localized states that lie at the Fermi
level in the hydrogen chemisorption defects in graphite and
graphene, and in both cases, it constitutes the spin-bearing orbital.
Briefly, in order to solve for the coefficients of the NBMO, the
carbon atoms are divided into starred and unstarred atoms, in
analogy to the division between the A and B sublattices in the
physics literature; in odd systems, the starred atoms are taken to
be the most numerous. Within the simple tight-binding Huckel
MO method, it may be shown that the coefficients of the unstarred
atoms are 0 and that the sum of the NBMO coeflicients of the
nearest neighbors of any unstarred atom is also 0, and thus, it is
trivial to solve for the coefficients in a NBMO;** the process is
illustrated by application to $ and 6 in Scheme 2.

In the present connection, we note that the trigonal symmetry
of the graphene superlattice and the structure of the radical 2
suggests the phenalenyl radical (6) as the primary building block;**
addition of a substituent R (where R = H, Me, CcH,NO,, ...) to
the central carbon leads to 9HR-phenalene (7), which is known
to be extremely unstable due to the presence of the [12]annulene
conjugated system. Furthermore, 7 is no longer a simple radical,
and thus, it is not an appropriate point of comparison. This point
throws further light on the radical that exists in the graphene
superlattice; there is effectively an odd carbon atom at the
boundary of the delocalized s-radical structure that balances
the loss of the carbon atom that becomes sp® hybridized and is
thereby removed from conjugation upon radical addition (otherwise,
every radical addition would yield diamagnetic products). This
recognition offers a strategy to generate radical structures from
the 9HR-phenalene building block (7); we can add an exocyclic
methylene fragment in order to generate an additional site of
conjugation, giving an odd number of conjugated carbon atoms
and thereby producing an OAH sr-radical, which provides a
convenient route to obtain the coeflicients of the spin-bearing



Scheme 2. Model Molecules Related to the Quasi-localized /7-Radical Defect State in Graphene Which Is Generated upon the
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“ Structures S, 6, 8, and 9 show the Kekule and delocalized structures followed by the coefficients of the nonbonding molecular orbital (NBMO), which
determine the spin densities at the level of simple HMO theory: the benzyl radical (5), the phenalenyl radical (6), 9HR-phenalene (7), 2-methylene-

9HR-phenalenyl (8), and 1-methylene-9HR-phenalenyl (9).

wave functions. There are two ways in which the methylene unit
may be added to the periphery of 7, as shown in structures 8 and
9; in the case of 8, the resulting NBMO is identical to that of
phenalenyl 6, whereas 9 leads to a rotation of the phenalenyl
wave function by one carbon atom. In both cases, the coefficient
(spin density) on the exocyclic methylene is 0, and the resulting
wave functions retains the trigonal symmetry of the graphene
superlattice. As structure 9 is twice as prevalent as 8, it is to be
expected that the coefficients in 9 will be the most important,
although the coefficients are expected to drop off with distance
from the site of functionalization. As discussed later, detailed
calculations and STM experiments favor structure 9, although it
should be noted that spin polarization effects lead to smaller
(opposite) spin densities at the unstarred carbon atoms.

Thus the phenalenyl system (6—9) is identified as the building
block for the radical addition product of graphene and this unit is
readily extrapolated to structures of arbitrary size by fusion of
rings of encircling carbon atoms (which preserve the threefold
symmetry), followed by addition of a peripheral methylene group.
Beyond phenalenyl (12 + 1 conjugated carbons), the next member
of the series is 10 (12 + 24 + 1 conjugated carbon atoms).

It is important to note that radical structures such as 2 do not
bring about a strong modification in the charge densities at the
conjugated carbon atoms in the vicinity of the defect sites as the
spin densities of such radicals are contained in NBMOs, and to
first order, the charge densities are 0.* The NBMOs necessarily
lie at the Fermi level when embedded in the graphene lattice and
bring about a strong modulation of the LDOS because of the
confinement of the spin densities to either the A or B sublattices,
and this may be visualized in the STM experiments (discussed
later) as standing waves with peaks expected at the B sublattice
and troughs in the A sublattice of 2 that extend up to 10 nm from
the defect site.”>73%4

Scheme 3. Schematic Structure Showing the 4-NP Addition
Product of a Finite Graphene Sheet and the Relationship of
the A and B Sublattices to the Starred and Unstarred Atoms”

10(*=5+,5+)

“ Addition of the NP radical leads to spin densities at the starred atoms
(no change in charge density), while the cation that is produced by
oxidation (doping) of the radical replaces the spin densities with positive
charge at the starred atoms.

As discussed above, under certain conditions, the diazonium
reaction produces doping of the graphene substrate rather than
aryl radical addition;* doping of the graphene substrate is a
natural consequence of the fact that the diazonium reaction
requires an electron transfer from graphene in order to reduce
the salt and initiate the reaction (Scheme 1). Given the fact that
doping occurs simultaneously with aryl radical functionalization,
it is important to consider how this will affect the subsequent
chemistry. In fact, the easiest species to oxidize will be the
st-radicals such as 2 as the NBMO is the highest (partially)
occupied MO and lies at the Fermi level in the graphene radical
addition product. As discussed above, the spin density in 2 is
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Figure 2. (a) Variation of Raman band intensities (4., = 532 nm) of graphene with the number of layers. Raman spectrum of exfoliated graphene and
bilayer graphene, collected under identical laser power, spot size, and microscope aperture. The G band intensity of bilayer graphene is approximately
twice that of a single layer of graphene. Raman spectral characteristics of covalently functionalized epitaxial graphene (b) and exfoliated graphene (c).
The SiC signal has been subtracted from the epitaxial graphene spectra. After functionalization, the D band is the most intense peak, and the 2D band

intensity decreases.

mainly confined to the NBMO, as illustrated in Scheme 3 (10),
and if the addition occurs in the A sublattice, this places spin on
the B sublattice (starred atoms in the OAH radical 10). However,
if this radical (2, 10) becomes oxidized to a cation by the doping
process that is required for the initiation of the diazonium
reaction, it is exactly the same set of B sublattice carbon atoms
that now acquire a partial positive charge; under these condi-
tions, it is possible that the reaction of the aryl radical with the A
sublattice may be preferable, thereby leading to a situation in
which functionalization occurs preferentially in a single sublattice
as required for the occurrence of ferro- (ferri-) magnetism.**

Characterization of Covalently Functionalized Graphene. The
Raman spectrum of single-layer graphene (1-LG) has two
characteristic peaks, the G peak at around 1580 cm™ ' and the
2D peak (sometimes referred to as G') at around 2670 cm ™', **
and the intensity of the 2D peak is about three times the intensity
of the G band (Figure 2a). The G band is a first-order Raman
effect where the energy of the scattered incident monochromatic
light is proportional to the energy of quantized lattice vibrations
(Ezg phonon) generated as a result of the scattering process. The
2D band is a second-order Raman effect caused when the lattice
vibrations due to the first-order process activate another phonon.
In graphene, these three processes are in resonance, and in the
Raman spectrum, the 2D band appears as a single peak of width
~24 cm™ ' and is greater in intensity than the G band. With
increasing numbers of graphene layers in a sample, the 2D band
can be resolved into multiple peaks at higher and lower energies,
and the intensity decreases with respect to the G band intensity. For
example, in bilayer graphene, the 2D band can be fit to four
Lorentzians (Figure 2a). If the conjugation of the six-membered
rings of graphene are disrupted by conversion of sp” carbons to sp
hybridization, the A;, mode breathing vibration of six-membered
sp” carbon rings is activated and is observed as the D band
at ~1340 cm . Intense D bands are observed in physically
defective graphitic materials, graphene nanoribbons, and in dis-
ordered graphene samples.*®

Covalent C—C bond formation results in sp> centers, and the
Raman D band (Figure 2b and c) has been used to characterize
covalent functionalization of graphene.”'>*’~*° The polariza-
tion dependence of the Raman spectra may provide additional

resolution of the spatial distribution of sp” centers.>* Addition-
ally, those samples with a 2D band line width of ~24 cm ™" and a
larger size of graphene domain with identical 2D band character-
istics show higher mobility.*> Thus, the Raman D and 2D band
characteristics are a rapid analytical tool for the identification
of functionalization in graphene as well as providing compara-
tive information relevant to the transport properties of related
samples.

However, there are a few experimental observations that are
not completely understood and should be taken into account
when analyzing the effects of chemical functionalization using
Raman spectroscopy. In multilayer epitaxial graphene samples, a
distribution of 2D band frequencies and line widths is observed
(Figure 3a). Interfacial trapped charge, lateral strain, and stacking
order of graphene layers have all been considered as plausible
explanations of the observed 2D band characteristics. We have
found that oxidatively etched as well as multilayered samples
grown on conductive SiC wafers (doped) do not show such
variations.”?

Transport in multilayered epitaxial graphene is further com-
plicated by the presence of multiple conducting layers, whereas
functionalization chemistry can only change the electronic pro-
perties of the surface layer. In exfoliated graphene samples, it has
been shown that surface adsorbates, 4»physical defects, and dis-
order lower the carrier mobility,'”** whereas an increase in
the dielectric constant of the medium in contact with the con-
ducting graphene channel results in an increased mobility.>> The
effects of ordered functionalization can be established by systematic
studies of transport characteristics and atomically resolved imaging
of microscopic devices.’® In bilayer and multilayer graphene
samples, the D band intensity due to functionalization is typically
weaker than that in a monolayer of graphene under similar
reaction conditions, and this has been interpreted as a lowered
reactivity of multilayered graphene as a result of interlayer
electronic interaction."* Direct imaging of the work function
of multilayered epitaxial graphene indicates that single-layer
graphene should be more reactive toward electron-transfer
reactions as the graphene work function increases with the
number of layers, although additional factors come into play
such as the nature of the interface states at the SiC and the
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Figure 3. (a) Variation of the 2D peak frequency and line widths in multilayer epitaxial graphene. (b) Raman spectrum of multilayered epitaxial
graphene on 4H-SiC(0001) under identical spectrophotometer parameters but with changing focus, as indicated by the different intensities of the SiC
emission lines between 1500 and 1900 cm ™. On the top of the wafer, the SiC signal is the weakest and increases as the focus is shifted lower. (c) Spectra
of epitaxial graphene after subtracting the SiC signal. The inset shows that the I,/I ratio increases as the focus is shifted to the top of the sample,

indicating a decrease in the interlayer electronic coupling.
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Figure 4. STM image of epitaxial graphene under ambient conditions.
(a) Pristine EG, Vips = +5.1 mV, I, = 4.3 nA; a 2D-FFT spectrum of the
STM image is shown in the inset. (b) STM image after subtracting noise.
(c) 2D-FFT filtered STM image. (d) Pristine EG with defects, Vi, = +1
mV, I, = 9.4 nA; a 2D-FFT spectrum of the STM image is shown in the
inset. (e) STM image after subtracting noise. (f) 2D-FFT filtered STM
image. (g) NP-functionalized EG, Vi, = +1.1 mV, I, = 5.3 nA; a 2D-FFT
spectrum of the STM image is shown in the inset. (h) STM image after
subtracting noise. (i) 2D-FFT filtered STM image.

presence of trapped charge.”” However, Raman spectroscopy is
not a surface-sensitive technique and as shown in Figures 3b,c and
2a, the intensity of the G band of both exfoliated and epitaxial
graphene clearly scales with the number of graphene layers. Thus,
a similar density of sp® centers on the surface of graphite would

result in a weaker D band intensity relative to the G band,
compared to graphene.

Scanning tunneling microscopic (STM) imaging can be used
to directly determine the surface coverage of functional groups on
the graphene surface; imaging covalently attached molecules
typically requires ultrahigh vacuum and cryogenic temperatures.
However, it has been shown both theoretically and experimen-
tally that the local electronic structure at isolated defect sites in
both graphite and graphene generate three-fold symmetric
patterns, particularly after the introduction of hydrogen chemi-
sorption sites by proton irradiation.””*” *® These patterns
can be enhanced by two-dimensional fast Fourier transform
(2D-FFT) filtering of STM images acquired under ambient
conditions, and it has been shown that a defect on the A or B
sublattices in graphite generates distinguishable three-fold-sym-
metric patterns.””** The hydrogen chemisorption defect gener-
ates the same electronic structure in the graphene lattice as NP
functionalization (see 2, Scheme 1 and 10, Scheme 3), for which
subsequent radical additions can give products such as 3 and 4.
Both 2 and 4 are expected to be prominent in STM experiments
because the resulting sr-radical species give rise to half-filled
quasi-localized states that lie close to the Fermi level and thus will
figure prominently in the local density of states (LDOS) near the
site of functionalization; this allows the direct observation of the
qr-radical wave functions discussed above.

In Figure 4, STM images of epitaxial graphene and NP-
functionalized epitaxial graphene are compared; the STM images
were acquired using a Digital Instruments Nanoscope IIla multi-
mode scanning probe microscope under ambient conditions,
with commercial Pt/Ir tips, and 2D-FFT filtering was performed
using the WSxM package.’® The 2D FFT spectrum of a STM
image of graphene consists of the six outer bright spots from the
graphene superlattice and six spots corresponding to the gra-
phene lattice in the center, appearing as a larger bright spot in the
insets of Figure 4a, d, and g. Filtering the higher-order spots in
the FFT spectrum (not shown) removes the noise in the STM
images (Figure 4b, e, and h), while filtering the graphene lattice
by removing everything inside of the largest circle circumscribed
by the hexagon of the supperlattice points yields Figure 4c, f, and
i, which show the modified LDOS.>>*7~%° Figure 4a is a STM



Z(pA)
| 2
a
(L%

L=]
T T T

->|-|>-||>-2-|.-|>
0.0 0.5 1.0 15

A {nm)

Figure S. Superimposed STM images and FFT filtered-STM images. (a) Figure 4c superimposed in Figure 4b. (b) Figure 4i superimposed in Figure 4h.

(c) Line scan of panel b, where the LDOS is dominated by superstructures. (d) Schematic representation of atoms labeled 1 and 2 in panel b. The
distance is measured from the STM line scan shown in panel c.

a) Pristine b) NP functionalized ¢) NP functionalized
top graphene layer

epitaxial graphene epitaxial graphene
T 1 T

1FT=2k

2 -1 0 1 2

o -

Moment (10'6 emu)

(=

Moment (10° emu)
Moment (10° emu)

"
Y

—

240 1 2 Z -1 0 1 2 1
Magnetic Field (kOe) Magnetic Field (kOe) Magnetic Field (kOe)
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image of a defect-free region of 1—3 layer epitaxial graphene, and (Figure 4c), the peaks in the Fermi level LDOS are localized on
in Figure 4b, the bright and dark regions have been previously the atomic lattice. The presence of point defects can be recog-
interpreted as being due to interference of electronic waves in nized in the STM topographic images (Figure 4d and e), which
graphene, forming a Moiré pattern.””® After 2D-FFT filtering generates an isolated three-fold symmetric pattern (Figure 4f).



The sample imaged in Figure 4g has 3—5 layers of epitaxial
graphene, of which the top surface was functionalized with NP
groups, and the lattice topography does not show any defects
(Figure 4h). However, the 2D-FFT filtered charge density (Figure 4i)
shows scattering and interference patterns over the entire image.

Superimposing the FFT filtered image on the topographic
image allows the visualization of the positions of the sp® centers.®
In Figure Sa, the images from defect-free graphene (Figure 4b and c)
are superimposed, and the image can be interpreted as an en-
hancement of the Moiré pattern observed in the topographic image.
However, upon superimposing Figure 4h and i, an irregular
distribution of three- and six-fold symmetric patterns is observed
(Figure Sb), with a preponderance of bright spots in a triangular
geometrical arrangement that shows a striking correspondence
with the NBMO coefficients of structure 9 in the immediate
vicinity of the point of addition. Related patterns have been
reported in the STM image of hydrogen-functionalized graphene
on Ir (111)."* Sectional analysis (Figure Sc) shows that at the
highest density region (two neighboring three-fold symmetric
bright spots with a dark center), the distance between the dark
centers is 0.54 nm; a structural representation of the sp> centers
at this density is shown in Figure 5d. This corresponds to a
functionalization event in which both of the NP sp> C-centers are
in the same sublattice of graphene, which is expected to give rise
to ferromagnetic coupling between the spins.”>*" Atomically
resolved STM imaging under ambient conditions makes this
method particularly attractive for correlating the functional
group density and periodicity in microscopic devices, where
the transport characteristics can also be measured.

Electronic and Magnetic Properties of Covalently Functionalized
Graphene. The formation of a covalent 0-bond to one of the basal
plane graphene carbon atoms by attachment of a radical species such
as a hydrogen atom or the spin-bearing carbon atom of an organic
molecule necessarily generates a delocalized spin in the graphene 7t-
system, and if subsequent functionalization takes place in the same
sublattice (above), an open-shell structure results. The long-range
coupling necessary for magnetic ordering of the local moments at
room temperature in the semiconducting host is expected to take
place through spin alternation due to the presence of half-filled 7-
orbitals in the sp>-bonded bipartite lattice of graphene.”**' % In
order to investigate the change in the magnetic properties of
epitaxial graphene as a result of chemical functionalization, we
subtracted the M—H data from measurements carried out on the
same sample, before and after chemical reaction, thereby eliminating
the contributions of the SiC substrate and the pristine epitaxial
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Figure 7. (a) Sheet resistance as a function of temperature and (b) out-
of-plane magnetoresistance at T = 2 K of epitaxial graphene. (c) Sheet
resistance and (d) out-of-plane magnetoresistance of NP-functionalized
epitaxial graphene at T =2 K.

graphene sublayers. Figure 6 shows the magnetization of a repre-
sentative EG sample in the pristine state and after functionalization
as a function of the magnetic field at different temperatures.

A small magnetization is observed in the pristine sample at all
temperatures, which may be due to defects in the SiC crystal
lattice or in the epitaxial graphene layers. The difference in the M—H
data between the pristine (Figure 6a) and the NP-functionalized
sample (Figure 6b) is due to the change in the magnetic pro-
perties of the top layer of graphene as a result of NP functiona-
lization (Figure 6¢c), and it shows a nonlinear dependence on a
magnetic field strength and a clear hysteresis. Both the coercivity
and the saturation magnetization vary with temperature and are
sample-dependent.*'

Magnetic, atomic, and electrostatic force microscopy were
used to show that the surface of the pristine EG samples is
inhomogeneous over varying length scales with respect to the
number and stacking of graphene layers, crystalline domain size,
trapped charge at the interfacial layer, as well as compressive
strain and ridges.* The data indicate that the magnetism is
confined to clusters on the surface of the EG with varying values
of the coercive field and is indicative of a distribution in the sizes
and interaction strengths of the magnetic regions, which is typical
of magnetic objects that are close to the border of ferromagnet-
ism (ferrimagnetism) and superparamagnetism.

The change of resistance of epitaxial graphene as a function of
temperature shows ideal semimetallic behavior with zero or small
energy gap. In Figure 7a, the characteristics of a 5—7 layer
epitaxial graphene sample (3 mm X 4 mm) is shown; the increase



in resistance with decreasing temperature is attributed to the
decreasing carrier density and has been previously observed in
graphite samples less than 10 nm thick.** % After NP functio-
nalization, the room-temperature resistance of the sample in-
creased from 0.4 to 3.2 kQ2, and the semiconducting nature of the
sample is supported by the observation of a 0.4 eV band gap in
ARPES measurements (Figure 1).

The resistance of the pristine EG sample as a function of
magnetic field is shown in Figure 7b, and two distinct regimes can
be identified when the field is perpendicular to the plane of the
graphene wafer. In the low-field region (JH| < 0.1 T), the
magnetoresistance (MR) is negative, whereas in the high-field
region (|H| > 0.1 T), it becomes positive; the low-field negative
MR is due to weak localization (WL), which occurs as a result of
point defects that locally break the sublattice degeneracy, thereby
causing intervalley scattering between the Dirac cones. At low
temperatures, the electrons remain coherent over long distances
as inelastic scattering does not destroy the phase of the electron
waves. Thus, when two electrons start from the same point, travel
in opposite directions in a closed loop, and meet at the point
of origin, there is constructive interference because their phases
remain intact, thereby increasing the probability of backscatter-
ing, which produces an increase in the electrical resistance. The
presence of a magnetic field applied perpendicular to the plane of
graphene disrupts the phases of the two electrons and is observed
as negative magnetoresistance at low fields (WL).

Weak antilocalization (WAL) arises from long-range scatter-
ing, which does not distinguish between the A and the B atoms.
Because the charge carriers in pristine EG are chiral, the back-
scattering is suppressed; however, the magnetic field destroys the
equivalence between the A and B sublattices, and this suppression
of the WAL by the magnetic field leads to a positive magneto-
resistance. The NP functionalization also destroys the symmetry
of the graphene sublattices, thereby quenching the WAL and
leading to negative magnetoresistance over the entire magnetic
field range (Figure 7¢,d).7 "%

Thus, aryl radical functionalization of epitaxial graphene not
only provides a route for band gap engineering of graphene'>>%**
but leads to disordered magnetism in the graphene sheet that
includes antiferromagnetic regions mixed with superparamag-
netic and ferromagnetic (ferrimagnetic) clusters. If it were pos-
sible to optimize and control the chemical functionalization of
the EG wafers so as to achieve periodic structures, it may be
possible to induce long-range ferromagnetic order combined with
periodic semiconductors, thereby leading to advanced spintronic
devices.**”°7? Previous experimental and theoretical investiga-
tions have referred to defective structures in achieving ferromag-
netism in graphite and graphene; while functionally similar, the
covalent functionalization approach does not generate physical
defects in the graphene lattice, but rather, it leads to carbon—
carbon bonds and in some cases unpaired spins in a chemical
approach to engineering electronic and magnetic devices such as
ferromagnetic semiconductors in an organic macromolecule.

Chemistry will play a significant role in tailoring the electronic
structure of graphene wafers for the generation of devices and
circuitry. The investigation of NP functionalization of graphene
provides a simple proof of concept for the prospects of covalent
chemistry in graphene electronics, photonics, and spintronics
and has allowed us to identify some of the characterization
methods necessary for such research. The fundamental concept
is the generation of new C—C bonds to redirect the electronic
conjugation pathway and to form specific conducting, insulating,

and magnetic patterns. While the ultimate goals are to identify
functionalization periodicities and C—C bond hapticities to
maintain the highest mobilities and to tune band gap energies,
future advances in the experimental research will require a
more detailed understanding of the morphology and physical
properties of graphene grown on dimensions suitable for macro-
scopic characterization. The effects of heterogeneity in epitaxial
graphene samples on chemical reactivity have been particularly
important in the investigation of the magnetic and electronic
properties of epitaxial graphene covalently functionalized with
aryl radicals. Besides morphology, both epitaxial and CVD grown
graphene have domain boundaries with 5—7-membered ring
defects,”>”* and charge and spin transport across such bound-
aries have unique characteristics.”> The chemical reactivity of
such defects can be expected to be different from that of periodic
six-membered rings. The identification of the transport charac-
teristics of covalently functionalized multilayer epitaxial gra-
phene is further complicated by transport through underlying,
pristine graphene layers®® and transport characteristics across
SiC step edges’® and materials integration issues.”” The demon-
stration of the use of STM methods to image functionalization
density and chemical structure,”® enabled by the atomically flat
conducting surface of graphene, points the way for further
research into the functionality and device chemistry of graphene.
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