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ince its exfoliation in 2004, graphene's

unique electronic properties have at-

tracted widespread attention.”® The
carriers in graphene behave as massless
chiral Dirac fermions that propagate with-
out backscattering.>* These electronic pro-
perties can be significantly transformed and
diversified by functionalization and chemi-
cal modification of the graphene lattice.” &
Such modifications allow a band gap to
be realized in the energy spectrum of graph-
ene when the sublattice symmetry is
broken.” The attachment of defect sites is
also known to locally modify the curvature
of graphene lattice, leading to interesting
physical phenomenon such as local strain,
spin—orbit coupling, and magnetic correla-
tions, which are relevant to spintronic
and magnetoelectronic applications.®® '3
However, the nanoscale control of the ad-
sorption of adatoms or molecules to the
graphene lattice is non-trivial. In the case of
plasma-induced hydrogenation or fluorina-
tion of intact graphene, a thermodynamic
clustering of the defects often occurs.>®'*~"7
However, the adsorbed hydrogen or fluorine
atoms are unstable after prolonged period.
Another strategy is to create an ensemble of
chemically modified domains by the chemical
fusion of nanoparticles to graphene, which
can induce local defects or strained domains.
Compared to adsorbed atoms or molecules,
the interfacial bonding can be robust and
the density of these nanoparticles can be
controlled to create pockets of hybridized
area, where the local bonding can be
changed from sp? to sp>. Furthermore, at-
tachment of atoms or nanoparticles intro-
duces diverse functionalities particularly
with reference to magnetic correlations
with the carriers in graphene, which are
strongly dependent on the nature of ad-
sorbed adatom, its distribution density,
and position of electronic energy levels.'® '
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ABSTRACT

The electronic properties of graphene sheets decorated with nanodiamond (ND) particles have

been investigated. The chemical fusion of ND to the graphene lattice creates pockets of local

defects with robust interfacial bonding. At the ND-bonded regions, the atoms of graphene

lattice follow sp*-like bonding, and such regions play the role of conduction bottlenecks for the

percolating sp> graphene network. The low-temperature charge transport reveals an

insulating behavior for the disordered system associated with Anderson localization for the

charge carriers in graphene. A large negative magnetoresistance is observed in this insulating

regime, and its origin is discussed in the context of magnetic correlations of the localized charge

carriers with local magnetic domains and extrinsic metal impurities associated with the ND.
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magnetotransport

Certain adatoms also cause significant
charge transfer doping,® leading to coexis-
tence of conducting high-energy channels
from the sp>-rich area together with the
intact sp> graphene-rich areas, and this
doping effect is detrimental to imparting
insulating properties to the film. In this
work, we investigate the chemical fusion
of nanodiamond (ND) particles to graphene
by growing graphene on ND-coated copper
substrate during chemical vapor deposition
(CVD). Low-temperature magnetotransport
experiments performed on graphene/ND
films transferred to SiO, substrates reveal
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Figure 1. Synthesis method, microscopy observations, and spectroscopic analysis of the ND/G hybridized structure. (a)
Schematic diagram for the growth of the hybrid nanostructure of ND and graphene. (b) SEM image of ND/G film on Si
substrate. Scale bar is 1 «m. (c) XPS measurements verify the presence of ND and graphene. The inset shows sp? and sp* peaks
of the C1s core—shell in the ND/G structure by fitting peaks. Schematic model of the interface, side view. (d) Raman spectra
(514 nm excitation) analysis of ND/G system. The D peak of graphene can be separated from the diamond characteristic
peak by using C'? isotope labeling. (e) Typical TEM image of the ND particles. The spacing of the lattice fringe in the
diamond crystallites is about 0.21 nm. Scale bar is 5 nm. (f) HRTEM images of the hybrid nanostructure at the interface.
The interfaces between ND and graphene are (111) and (111), intersecting at an angle of 109° and/or in parallel each other.

Scale bar is 2 nm.

that the NDs create conduction bottlenecks for the
percolating sp? graphene network, leading to insulat-
ing behavior. The charge carriers are localized by
disorder, and the conduction at low carrier densities
can be described by a two-dimensional (2D) variable-
range hopping (VRH) mechanism. Besides introduc-
ing localization, the detonation-synthesized purified
NDs are also a source of magnetism in the form of
trace magnetic impurities. Besides, the possibility of
carbon magnetism from diamond—graphene attach-
ment is quite interesting since defects within individual
nanodiamond grains are already debated to induce
ferromagnetic order.?® In the insulating regime,
strong modulations of the resistance are observed
in the presence of magnetic fields, which can be
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attributed to interactions of the localized charge car-
riers with magnetic impurities or with atomic magnetic
moments.

Growth and Characterization. The graphene film was
grown on copper foil coated with fluorinated ND
particles. During CVD growth, the graphene film grows
at the interface between the copper and ND. A sche-
matic of the growth of the ND/G hybridized structure is
shown in Figure 1a. The coupling of carbon nanotubes
and ND particles to form a hybrid nanocarbon system
has been demonstrated in previous experiments,
where the growth of NDs required the presence of
defects on the nanotube.?’* In our experiment, the
copper foil substrate presents the platform needed for
growth of graphene, while the ND particles allow for
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Figure 2. Charge transport measurements on micrometer-size graphene/ND devices. (a) SEM image of graphene/ND film
showing the distribution of ND clusters. Scale bar is 1 um [inset: optical image of graphene/ND device]. (b) Sheet resistivity vs
length for 3 um wide adjacent devices. (c) Resistance vs V4 at different temperatures from T = 2.5 to 300 K. (d) Plot of In

Rvs T~ for Vg=0V (blue), —20 V (red).

the formation of sp® carbon inclusions following the
fusion of ND with graphene. Fluorinated NDs are used
for the following reasons: (i) it can be dispersed readily
in solution, thus allowing the homogeneous seeding of
graphene with discrete NDs, as shown by the scanning
electron micrograph (SEM) in Figure 1b; (ii) fluorinated
NDs have increased reactivity toward C—C bond for-
mation with diamond at high temperature. The density
of NDs on the Cu surface is readily controlled by
varying the speed of spin-coating, and this allows
us to adjust the electrical channel of graphene devices
by changing the average distance between NDs
(Supporting Information Figure S2).

X-ray photoelectron spectroscopy (XPS) was per-
formed to reveal the nature of the chemical bond-
ing among atoms in the nanostructure. Figure 1c
shows that the C1s spectrum can be deconvoluted
into two peaks at 284.5 and 285.8 eV. These two
components correspond to the sp>-bonding carbon
(graphene) and sp3—bonding carbon (diamond), re-
spectively. The coexistence of ND and graphene is also
evidenced by the Raman spectrum (514 nm) in
Figure 1d, which shows an overlapped peak with
contribution from the characteristic diamond peak at
1331 cm ' and graphene D peak induced by defects at
1350 cm ™', prominent graphene G (~1587 cm™ ') and
2D (~2688 cm ') band.?*?* Micro-Raman analysis of
the region shows that the 2D band exhibits a blue shift
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of 8cm ™' compared to pure graphene without ND, due
perhaps to the bond-angle disorder and compressive
stress at the sp®sp> composite interface.>® To distin-
guish the overlapped Raman peaks, *C isotopically
labeled graphene was grown on the ND-coated copper
foil using "*CH, as carbon source. Before the growth,
the sample was annealed at 500 °C under H, for 30 min
in order to exclude the effect of PMMA as '*C carbon
source. The result shows that the D peak of graphene
(*3C) is red-shifted upon isotope enrichment, while the
diamond peak is still at 1331 cm ™" in Figure 1d. High-
resolution transmission electron microscopy (HRTEM)
measurements and electron energy loss spectroscopy
(EELS) were employed to study the interface between
NDs and graphene (see Supporting Information). A
typical TEM image of the ND particles in Figure 1e
reveals that the spacing of the lattice fringe is about
021 nm, which agrees well with diamond {111}
planes.?® Diamond crystallites with a diameter of around
3—6 nm are either surrounded by amorphous carbon
(the particles located at noninterface region) or em-
bedded directly on the graphene matrix. In Figure 1f, a
set of diamond {111} planes in the ND crystal can be
seen to orient parallel to the graphene (0001) planes,
although at this point, microscopic information about
the detailed interface cannot be obtained.

Charge Transport. Charge transport measurements
were performed on lithographically patterned four-terminal
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devices after transferring the graphene/ND films onto
SiO,/Si wafers. Figure 2a shows an SEM image of NDs
on the graphene surface, and ND clusters are distrib-
uted with separations of a few hundred nanometers.
The room temperature sheet resistivity of several 3 um
wide graphene/ND regions is plotted as a function of
length L, varying from L = 1 to 16 um in Figure 2b. On
micrometer scale devices, the effect of NDs is aver-
aged-out, and the variations in the resistivity are within
a factor of 2, which can be attributed to carrier density
inhomogeneity on graphene as well as some variations
in the ND defect density. All devices were found to be
slightly hole-doped with the charge neutrality point
(CNP) typically shifted by 0—15 V, suggesting the
lack of significant charge transfer doping. In contrast,
dilute hydrogenated graphene shows significant
hole doping.?” In comparison to pristine graphene,
the presence of ND clusters increases the sheet resis-
tivity at any given carrier density by a small factor
(2—4). The temperature-dependent transport of a 2 um
square channel is plotted in Figure 2¢, and it reveals an
insulating behavior for the system, particularly at the
CNP where the resistance increases by an order in
magnitude. The temperature dependence of resis-
tance, both near CNP and away from CNP, is well
described by the two-dimensional (2D) variable range
hopping (VRH) form, R exp(To/T)m, with T, =
13.8/kgN(Ef)E?, as shown in the semilogarithmic plot
in Figure 2d.5%73% Here T, is the characteristic tem-
perature, N(Eg) is the density of states at Fermi level,
and & is the localization length. While estimating N(E),
the disorder-induced voltage width of the conductivity
minimum is also taken into consideration: n(AVy) =
Cog(AVE + V3.)'"?/e, where Cpq is the back-gate
capacitance, AV, is the gate-bias measured from CNP,
and Vg is the disorder-induced width of the CNP
plateau. From the slope of temperature-dependent
resistance, the value of localization length is found to
be & ~ 160 nm near CNP, and it increases for carrier
densities away from CNP. This value of & correlates
remarkably with the typical separations between ND
clusters, suggesting that the distribution of sp-type
carbon inclusions arising from fusion of NDs can control
the transport length scale at low carrier densities.®
Next, we note that for graphene samples with a
random distribution of atomic-scale defects, p > h/e?
near CNP is always associated with strong localization
atlow temperature (T < 100 K): an increase in resistance
by several orders in magnitude, with T, values ranging
from 200 to 400.%?%?° The graphene/ND films also
show significant insulating behavior, but the obtained
To value at CNP is lower (45—100) than what would
normally be expected from the large resistivity. To
further illustrate this difference, we obtained a second
estimate of the localization length based on the elastic
scattering length, L..*® The value obtained, &(L,) =
[oph/(2e*(7in) %) lexp(oph/e®) ~ 21 nm, using the high
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temperature (T = 300 K) CNP Drude conductivity value,
op. While this second estimate is certainly crude, the
large difference between & and &(L.) deserves a dis-
cussion as to which represents the true value of
localization length. We first note that the localization
length obtained from VRH fits depends on the slope of
the temperature dependence of resistance and is not
sensitive to the actual value of resistivity of the
sample.® On the other hand, the absolute magnitude
of resistivity directly appears in the exponential term of
the localization length function that is based on elastic
scattering length, making it highly sensitive to the
exact value of resistivity. One plausible explanation of
the difference in the two estimates for localization
length is related to the rather inhomogenous distribu-
tion of ND defect pockets in our system on length
scales that are comparable to transport length scales.
This defect distribution in our system is notably differ-
ent from that of atomically adsorbed adatoms, except
when the latter shows tendency for strong clustering.
In this scenario, the resistivity originating from the
percolating sp” graphene network could dominate the
temperature response, while the sp>-dominated do-
mains will not have an appreciable contribution to the
temperature dependence, although their presence will
enhance the effective geometrical resistivity when they
are considered as components of two-dimensional two-
resistor networks.>' The crude estimate of localization
based on the magnitude sheet resistivity can only be
applied if the distribution of defects is homogeneous.
Magnetotransport. The low-temperature magneto-
transport in the graphene/ND system is plotted in
Figure 3, and it reveals significant negative magnetore-
sistance (MR) that reaches —70% at B = 8 T, without
saturation as shown for sample 1 [see the inset in
Figure 3b]. The negative MR is maximized in the vicinity
of the CNP, where localization effects dominate. Upon
increasing the temperature, the magnetoresistance
effects progressively diminish. Such magnetoresis-
tance behavior in the strong localization regime has
been associated with quantum interference pheno-
menon,**~3* similar to the weak localization interfer-
ence phenomenon seen in graphene with low density
of defects.?’ 72?3738 For strong localization, the MR
originating from various quantum interference effects
is expected to reach a value close to saturation at
magnetic fields defined by B, ~h/(eE*To/T) ~0.15 T at
T=10K, where &is the localization length related to the
presence of sp>-type carbon inclusions discussed in the
above section.?® In our experiment, however, satura-
tion does not happen even for magnetic fields up to
8T, and furthermore, the magnitude of MR is also very
large. This points to a different origin for the MR.
The large magnetic fields (several Tesla range) involved
for saturation raises the possibility that the MR origi-
nates from the interaction of localized carriers with
spin-polarized impurity states.'®'® It remains to be
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Figure 3. Magnetotransport measurements on micrometer-size graphene/ND devices. (a) Low-field magnetotransport: MR vs

BatV,=

—20V (away from CNP) for different temperatures: T= 10 K (blue), 20 K (green), and 50 K (red) for sample 1. (b) High-

field magnetotransport MRvsBatVy=0V (near CNP), T= 10K [inset: MR vs B at V; = 0 V (near CNP) at low field for different
temperatures] for sample 1. (c) VRH plot for sample 2:In Rvs T~ "3 at CNP for dlfferent magnetic fields (=0, 0.3,0.5,1,3,5T).
(d) Characteristic temperature T, vs magnetic field for sample 2 (the dotted line is a guide for the eye).

evaluated from first-principle calculations whether the
attachment of nanodiamond to graphene lattice can
indeed produce local magnetic moments with magnetic
ordering. Such possibilities have been suggested for
a variety of adatom moments including hydrogen
adatoms,'**°~*! although direct transport measure-
ments are lacking with the possible exception of dilute
fluorinated graphene.?® The attachment of NDs on gra-
phene is particularly interesting since the defect-related
intrinsic magnetism has been debated within the indivi-
dual ND grain itself.2>** However, the experimental
verification of this possibility in the graphene/ND system
is limited by the fact that NDs synthesized by detonation
process invariably contain a small fraction of extrinsic
magnetic impurities. As a result, magnetism is an extrinsic
phenomenon associated with NDs, with saturation mag-
netization of M; of the order 0.01 emu/g.** The estimated
fraction of Fe impurity in the ND powder is 0.1%, and their
presence is also verified in graphene/ND films from
proton-induced X-ray emission (PIXE) scans (see Support-
ing Information). Therefore, magnetic impurities appear
to be the more likely candidate to explain the strong MR
in our system. Small concentrations of metallic magnetic
impurities are already known to significantly influence
the high-field magnetotransport in organic systems,
and they are known to induce Kondo-like behaviorin
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carbon nanotube systems.”* Typically, large magnetic
fields (B > 6 T) are needed for reaching saturation
magnetization, both for ferromagnetic and for super-
paramagnetic responses from impurities present in
NDs, as demonstrated in previous magnetization stud-
ies on ND powder.*? The temperature dependence of
CNP resistance is plotted at different magnetic fields (B
=0to 5T) for sample 2 in Figure 3c. The temperature
dependence of the resistance can be described by the
expression for generalized 2D-VRH that includes the
influence of magnetic field:"

p = po exp(To(H)/T)'/?

where Tyo(H) o< E% is the magnetic-field-dependent
characteristic temperature. The magnetic field depen-
dence of Ty(H) is plotted in Figure 3d. When the spins
associated with magnetic impurities are fully polarized
under external field, the exchange interaction with the
localized carriers decreases their binding energy.'® This
allows delocalization of the charge carriers, which
persists beyond magnetic fields of 8 T.

FUTURE OUTLOOK AND CONCLUSION

One approach to clarify the exact role of individual
ND grains in the transport properties of these hybrid
films is to pattern graphene nanostructures that
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Figure 4. Magnetotransport measurements on graphene/ND nanostructures. (a) Schematic of the concept of intersecting
GNRs with ND defect hotspots. (b) Tapping mode AFM topography image of graphene constriction intersecting a cluster of
nanodiamonds (in red, lateral size ~70 nm). Scale bar is 100 nm. (c) Tapping mode AFM phase image of the same GNR/ND
device. (d) Resistance vs V,g—Vyp at different temperatures from 7= 2.5 to 300 K. (e) Two-dimensional plot of current through
the device under 8 T magnetic field, normalized to zero-field value. Region shaded in white corresponds to a current

enhancement /,/I(0) > 10.

intersect them (see schematic in Figure 4a). The trans-
port in such devices is expected to be dominated by
the interface of graphene and ND. Our preliminary data
from such nanostructures indicate that significant
negative MR can exist in the energy window of strong
localization (see Figure 4d,e). A 2D plot of the current
ratio /(8 T)/I(0 T) measured in sample GNC-1 from two
different sweeps at T = 2.5 K is shown as a function of
source-drain bias and back-gate voltage in Figure 4e.
The region shaded in white in Figure 4e corresponds to
a current enhancement by more than a factor of 10 (i.e,
negative MR more than —90%), and it defines the energy-
space window of strong localization (AV,,g ~ 15V and a
source-drain bias window of AV,4 ~ 60 mV). These values
appear to be significant when compared to the localiza-
tion effect of edges alone in pristine graphene nanocon-
strictions of comparable width.**~*® More experiments
are needed to clarify if extrinsic magnetic impurities can
be associated with individual grains/clusters of NDs and
whether the ND—graphene coupling itself comprises
magnetized atomic scale moments (see Supporting In-
formation Figures S8 and S9 for additional data).

To summarize, we demonstrate that the chemical
fusion of nanodiamonds (NDs) to graphene lattice in-
troduces localized pockets of sp® regions. The presence

METHODS

Materials Preparation. In a typical experiment, 5 mg of fluori-
nated ND (4—5 nm) (International Technology Center) was
first added to 50 mL of poly(methyl methacrylate) PMMA

WANG ET AL.

of NDs influences the transport by causing conduction
bottlenecks and increases the sheet resistance. The
temperature and magnetic-field-dependent transport
reveal the presence of strong localization, particularly
at low carrier densities. Charge transport in this system
involves a subtle interplay involving both the sp* and
sp>-rich regions. The graphene/ND film shows signifi-
cant negative magnetoresistance at low temperature,
and the likely origin of this lies in magnetic correla-
tions of the localized carriers with trace amounts of
extrinsic magnetic impurities that are character-
istic of detonation-synthesized NDs. Further experi-
ments are needed to clarify the exact origin of the
magnetic centers in graphene/ND films since the
possibility of atomic magnetic moments at the sites
bonded to ND cannot be overlooked.”® This may
require different approaches to bind diamond and
graphene lattices. Finally, we note that even non-
magnetic transition metal atoms adsorbed in the
vicinity of graphene lattice have been predicted to
show significant gate-tunable magnetism upon hy-
bridizing with the graphene lattice.'® For experiments
involving disordered graphene systems with non-
magnetic metal adatoms,'®*° our results provide
useful comparison.

(MicroChem Corp. 950 PMMA A5, 5% in anisole) and then
dispersed by ultrasonication for 1 h. The PMMA-coated ND
dispersion was centrifuged at 13 000 rpm for 120 min. The upper
80% of the supernatant was carefully decanted to collect the ND.
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A ~2 cm x 2 cm Cu foil (25 um thick, 99.999% purity, Alfa
Aesar) was used as the substrate for CVD growth. The Cu foil was
first annealed at 1030 °C with flowing 2 sccm H, for 1 h. After
cooling to room temperature under H, atmosphere, 20 mL of
PMMA-coated F-ND solution was deposited on the Cu foil by
spin-coating. The density of the PMMA-coated ND on the Cu foil
can be controlled by changing the speed of spin-coating
on copper foil from 500 to 3000 rpm, as seen in Figure S2
(see Supporting Information). The as-prepared PMMA-coated
F-NDs/Cu was baked at 150 °C for 5 min and then transferred to
a tubular furnace for the growth of nanodiamond/graphene
(ND/G) hybridized structure.

Chemical Vapor Deposition. In the CVD growth of ND/G hybrid-
ized structure, PMMA plays two roles: (1) fixing the F-NDs on
copper foil and (2) solid carbon source for the growth of
graphene.® Before the growth of ND/G, the CVD furnace was
heated to 950 °C in vacuum. After the temperature became
stable, PMMA/F-NDs/Cu foil was introduced into the furnace
and a gas mixture of CH4 (8 sccm), Ar (100 sccm), and H,
(30 sccm) at ~8.5 Torr was introduced. After 20 min of growth,
the system was cooled to room temperature under H,.
Although PMMA can be used as carbon source for the growth
of graphene, CH, was also introduced as carbon source in order
to ensure the continuity of ND/G film.

Characterization of ND/G Film. The as-produced ND/G films
were characterized using high-resolution transmission electron
microscopy (HR-TEM, FEI Titan, 80 kV). After TEM images were
obtained, selected area electron diffraction and high-resolution
electron energy loss spectroscopy (EELS) were also performed.
The Raman spectra were measured with a WITEC CRM200
Raman system at room temperature. The excitation source is
514 nm with a laser power below 0.1 mW to avoid laser-induced
heating of the sample. The spot size of 514 nm laser light is
estimated to be 500 nm.

Fabrication and Measurement of Devices. Graphene/nanodia-
mond hybrid system grown by chemical vapor deposition
(CVD) was transferred onto Si/SiO, (300 nm) substrate after
etching the copper foil with 25 mM ammonium persulfate
solution for ~6 h. Then, 100 uL of 4% poly(methyl methacrylate)
(MicroChem, MW = 950 K) anisole solution was spin-coated on
substrates at 4000 rpm and baked at 180 °C for 2 min. Devices
were patterned by electron-beam lithography (FEI/Nova Nano
SEM), and this was followed by development of PMMA with
methyl isobutyl ketone (MIBK) and isopropyl alcohol (1:1) solu-
tion. Thermal evaporation of 5 nm Cr/30 nm Au was followed by
lift-off in acetone and rinsing in IPA. In a subsequent e-beam
lithography step, an etch mask was patterned and the graphene
was exposed to 20 W, 20 sccm oxygen plasma (RIE NTI-2312) for
20 s after resist development. The devices were annealed in 10%
Ar/H; at 200 °C for 3 h to reduce the amount of organic residue.

Electrical measurements on wire-bonded graphene/ND de-
vices were performed using four-terminal geometry. For
graphene/ND nanoconstriction devices, the measurements were
performed in two-terminal geometry. For typical resistance
measurements, a small low-frequency (~13.3 Hz) AC current
(10 nA) was applied through the samples and the voltage drop
was measured using a Stanford SRS-830 lock-in amplifier. The
highly doped silicon wafer serves as the gate electrode with a
300 nm silicon oxide as the dielectric layer. The charge carrier
density in graphene was tuned by applying a gate voltage through
Keithley 6430 subfemtoamp source meter. The maximum
gate leakage was restricted to 1—1.5 nA current. Low-
temperature magnetoresistance in the range T = 2.5 to
300 K was measured in a Cryogenics variable temperature
system equipped with a 9 T superconducting magnet. The
magnetic field was applied perpendicular to the plane of the
sample. Differential conductance measurements were per-
formed using the standard combination of Keithley 6221
AC—DC current—source synchronized with Keithley 2182A
nanovoltmeter.
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