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ABSTRACT: Charge transfer at the interface between dissimilar Ceo/Graphene/h-BN
materials is at the heart of electronics and photovoltaics. Here we : "‘3&’_
study the molecular orientation, electronic structure, and local

charge transfer at the interface region of Cg, deposited on

graphene, with and without supporting substrates such as k
hexagonal boron nitride. We employ ab initio density functional chod o e
theory with van der Waals interactions and experimentally
characterize interface devices using high-resolution transmission :
electron microscopy and electronic transport. Charge transfer QM_J
between C4y and the graphene is found to be sensitive to the

nature of the underlying supporting substrate and to the

crystallinity and local orientation of the Cg. Even at room

temperature, C4, molecules interfaced to graphene are orientationally locked into position. High electron and hole
mobilities are preserved in graphene with crystalline C4, overlayers, which has ramifications for organic high-mobility field-

effect devices.

Cgso/Graphene
o
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0 and graphene are, in their own right, fascinating low-
‘ dimensional materials with spectacular properties. The

high electron affinity and unusual phonon modes of
Cgo have rendered it an important nanomaterial for electronic
applications, and the ultrafast charge transfer dynamics and an
energetically favorable LUMO level for many donor organic
semiconductors have established Cg, as an excellent electron
acceptor for organic solar cells.”” When combined with strong
charge transfer from alkali metals, the phonon modes in Cg
drive superconductivity at surprisingly high temperature.” The
related carbon allotrope graphene displays phenomenal
electron and hole mobilities even at room temperature, and
the conductance can be readily gated by an external electric
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field or altered via adsorbed chemical species. It is likely that
many applications of graphene will involve heterostructures.
Indeed, the interfacing of graphene to other low-2D materials
via van der Waals forces is a rapidly expanding field of
research.*>"?

The interfacing of C4, and graphene is of particular interest.
For example, charge transfer between Cg, and graphene affects
the graphene electronic transport.”°">’ Adding gating electric
fields”® allows further functional possibilities on the control of
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Figure 1. Schematic representation of (a) C4 molecules on graphene (C4/G) and (b) C4, molecules on graphene supported by h-BN (Cq,/
G/h-BN). The relative separation between Cg, graphene, and h-BN has been initially converged. (c) Optimized molecular configurations
between Cgy, and graphene resulting from a computational screening at different starting geometries. For clarity, C¢, molecules (violet atoms)
are only shown near the graphene surface (faint pink) with the rest of the other atoms hidden. (d) Interaction energies per Cg, molecule
calculated with vdW interactions included for the different configurations shown in (c). The interaction energy is defined in terms of the
adsorption energies between Cy and G or the G/h-BN heterostructure: E; = E[C4] + E[A] — E[C4,/A], where A = G, G/h-BN. The open bars

are for C¢,/G, while the solid blue bars are for Cg,/G/h-BN.

interface properties such as energy barriers, magnetism,g’10 and
electron—hole dynamics.”'" The ability to fine-tune the charge
transfer state of Cg, interfaced to graphene (e.g, with reversible
electrostatic gating) is thus central to the development of novel
electrochemical and optoelectronic prototypes. Devices based
on organic molecule/graphene interfaces, which utilize the
tunable Fermi level in graphene, have already shown
promise.””~"* In particular, the Cgo/graphene heterostructure
is known to form a Schottky junction.

In this report, we investigate the Cgy/graphene interface via
ab initio density functional theory (DFT) calculations,
transmission electron microscopy, and electronic transport
experiments at cryogenic temperature and at room temper-
ature. The graphene is either suspended or supported on
different substrates, including hexagonal boron nitride (h-BN).

We determine the most favorable molecular orientations of the
Cgo’s, the interface band structure, the intrinsic charge transfer
(which is highly dependent on C4 deposition process and
substrate type), and the graphene electron and hole mobilities.
The theoretical and experimental evidence suggests that Cq,
molecules at the interface remain firmly locked to the graphene
lattice even at room temperature, in sharp contrast to the freely
rotating behavior of Cgys in undoped molecular crystals.

RESULTS AND DISCUSSION

We first examine theoretically the most favorable geometrical
arrangements of crystalline close-packed Cg, on graphene on
different substrates at low temperatures and the associated
interfacial band structure and charge transfer. Parts a and b of
Figure 1 show schematic representations respectively of C4, on
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Figure 2. First-principles density functional theory calculations for Cgy/graphene (Cq/G) interfaces. (a) Calculated charge transfer (in
electrons per Cg, interfacial molecule) to graphene as a function of the external electric field (E,,,) induced-carrier density in graphene (n,).
Both scales are represented along the x-axis. All nine Cgy/graphene geometries presented in Figure lc are represented, with several data
curves superimposed on top of each other at the present density scale. The black curve shows the average of all configurations. The green
curve (dimer/hole) has a slightly larger charge transfer at large values of n,. A cut through the data set at n, = 0, with the different
configurations identified, is presented in Figure 3a. Positive Ap means that electrons are transferred from Cg, to graphene, which can occur
with sufficient gate bias (i.e., high enough positive n,). (b) Variation of the density of states at the Fermi level as a function of n, for the dimer/
hole configuration of Cgy/G. Similar results are also observed for the other interface geometries (not shown). (c) Variation of the Fermi level
of the combined Cg,/G system as a function of n,. Notice that the position of the Fermi level is relative to that at zero bias where a finite
charge transfer is already observed. Positive (negative) bias shifts upward (downward) in energy the Fermi level (insets). (d—f) Electronic
band structures of the Cg,/G heterostructure with a dimer/hole configuration at different gate bias. Graphene states are highlighted in blue
and Cg, bands in faint red. Fermi level is shown by the dashed line in each panel.

suspended graphene and Cgq on graphene supported by h-BN.
The Cg film is assumed to be crystalline with a well-ordered
periodic lattice, and a 4 X 4 superstructure is defined. In the
nomenclature of ref 13, the Cg, lattice is oriented 28° with
respect to the graphene lattice; ie., it is aligned with the
armchair direction. Due to the highly spherical shape of the Cg,
molecule, several possible molecular arrangements for C4, on
graphene are possible, with different interaction energies and
different local charge transfer.

As in ref 13, we consider nine representative orientations of
Cg on graphene (Figure 1c). We perform first-principles
density functional theory calculations including van der Waals
(vdW) dispersion forces (the calculation approach differs
somewhat from that of ref 13; see the Methods for details). If
vdW interactions are excluded (using the PBE functional
approach, see the Methods), then the most energetically
favorable configuration of Cg, on graphene is the hexagon/hole
alignment. However, if vdW interactions are included (using
the DRSLL functional approach), then, as presented in Figure
1d (open bars), the most energetically favorable configuration

is the hexagon/bridge alignment (right-hand-most open bar),
with an interaction energy of about 1.1 eV/Cg. We note that
the vdW term is significant, with a jump in interaction energy of
roughly 1 eV/Cyg,, as shown previously." If an h-BN support is
added to the graphene (see Figure 1b), the interaction energy
(including vdW interactions) between graphene and Cg, is
further enhanced by ~0.25—0.33 eV, as seen by comparing the
open and filled bars in Figure 1d. With an h-BN supporting
substrate, the most energetically favorable configuration at low
temperatures of Cg on graphene remains hexagon/bridge
(Figure 1d, right-hand-most filled bar), with an interaction
energy of about 1.45 eV/Cq,.

Different molecular orientations of C4, on graphene give
different magnitudes of charge transfer between the Cg, and
graphene. We use first-principles DFT simulations to evaluate
the magnitude and sign of the charge transfer. Even though
DEFT is known to underestimate band gaps and frontier orbitals
(HOMO, LUMO), we will show below that our calculations
reproduce closely the magnitudes and trends observed in the
experiments for the large systems used in the supercell. The
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Figure 3. vdW—DFT calculations for total interfacial charge transfer, induced dipole moment, and charge-difference density for the C4,/G and
Cgo/G/h-BN systems, all for ny = 0. (a) Charge transfer and (b) induced dipole moment for Cg,/G. The dipole moment vector points from
Cgo to graphene. (c) Charge difference density for C4,/G assuming a dimer/hole orientation. (d) Charge transfer and (e) induced dipole
moment for Cgy/G/h-BN. In (d), data for the hatched purple open bars have been amplified by 10” for readability. The dashed horizontal red
line in (e) delineates an induced dipole threshold of 0.1 D. Dipole data above this are plotted in solid blue, while data below this are plotted in
hatched purple (see text). (f) Charge difference density for C¢/G/h-BN assuming a dimer/hole orientation. For (c) and (f), blue and red

isosurfaces represent positive and negative charges, respectively.

system size is too large for higher levels of theory, e.g, GW or
hybrid functional, to be employed. We consider first the case of
Cgo on suspended graphene. Figure 2a shows the calculated
charge transfer from Cg; to graphene for the different Cqg
orientations, as a function of n, the externally induced
graphene charge density (as might result from external electric
field gating). With zero external gating (n, = 0), the charge
transfer is negative in the range 0.03—0.07 electrons/Cg, (this
corresponds to a change in charge density in the graphene of
4.3—10.1 X 10'*/cm?). For all molecular orientations, with no
external gating, C4, on suspended graphene acts as an electron
acceptor, as expected. With increasing n, in the negative
direction, the charge transfer between Cg and graphene
increases, with the dimer/hole orientation giving a slightly
bigger effect. With increasing n, in the positive direction,
external gating compensates the intrinsic charge transfer, with a
zero crossing at about n, = +20 X 10'*/cm’. Beyond this,
external gating overcomes the intrinsic charge flow and the Cq,
is forced to donate electrons to the graphene.

Parts b and ¢ of Figure 2 show, respectively, the influence of
external gating (again expressed as ny) on the graphene
electronic density of states and Fermi level shift for the Cgy/
graphene hybrid system assuming a dimer/hole configuration.
Similar results are obtained for the other orientations. The
effect of electrostatic gating on the electronic band structure is

displayed in Figure 2d—f, which clearly shows the charge-
doping effect at the Dirac point and the rigid shiftlike effect of
the electric gating on Cgy and graphene bands. Once the Cq,/
graphene interface is created, at no bias regime ny, = 0, the
HOMO of the Cg, layer (faint red in Figure 2e) is sufficiently
lower in energy relative to the Fermi level, and charge transfer
takes place from graphene to Cg. At finite bias (Figure 2d,f),
the potential difference between graphene and Cg, drives the
position of the fullerene states closer (for n, < 0) or away (for
ny > 0) from the Fermi level by several tenths of meV’s. This
particular arrangement of graphene and Cg, states drives the
system to a band alignment where most of the states are bias-
dependent, allowing further control on the electronic structure.

Parts a and b of Figure 3 contrast, for C4y/graphene with n, =
0, the charge transfer and induced dipole moment [P(debye)l
for the selected Cg, orientations. The induced dipole moments
are all in the range ~0.3—0.5 D, with no obvious correlation to
the induced charge densities. For Cg/G, the charge transfer
increases with increasing magnitude of dipole moment, but
there is much scatter in the data (see Figure SSa). There
appears to be no correlation between the Cq, adsorption
orientation dependence of the dipole moment, charge transfer,
and interaction energies. Figure 3c shows the zero bias charge
difference density plot for the dimer/hole configuration for the
Cgo/graphene heterostructure.
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Figure 4. (a) TEM image of a ~15 nm thick Cg, film deposited on suspended graphene under UHV conditions. High crystallinity is clearly
observed (scale bar 10 nm). The inset is a blow-up of the region outlined by the yellow box and highlights the close-packed structure of the
Cgos (bright dots correspond to the projected lattice images of the Cq, molecular columns). (b) Electron diffraction for Cq, deposited on
suspended graphene under UHV conditions. Graphene (blue circles) and Cg, (red circles) diffraction spots are identified (scale bar 2 nm™).
(c) Schematic representation of Cg,/G/h-BN device used for transport measurements. The device can be electrically probed prior to, and
after, Cq, deposition. (d) Optical image of a G/h-BN heterostructure contacted with Cr/Au electrodes prior to Cg, deposition. The dotted
lines indicate the border of the graphene (blue) and h-BN (pink) flakes (scale bar 20 gm).

We now turn to the additional influence of a supporting h-
BN substrate on the charge transfer from Cg to graphene.
Figure 3d shows the predicted charge transfer from Cg to
graphene for the different molecular orientations of Cgy, all for
the bias-free condition 1, = 0. In all cases, the charge transfer is
negative (electrons again flow from graphene to Cq,), and the
dimer/hole orientation has maximum charge transfer. The
orientation with the maximum charge transfer (dimer/hole) is
different from the orientation with the strongest interaction
energy (hexagon/bridge), which implies that more charge
transfer does not necessarily cause stronger molecular
interaction. The interaction of Cg, with the substrate is an
interplay between vdW interaction at the Cgo/graphene
interface and charge rearrangement at the graphene/h-BN
interface. Hence, it is possible that the vdW interaction is not
determined solely by charge transfer. As the spread in
interaction energies among the Cy, molecular orientations is
small (0.020—0.100 eV), it is possible to establish more than
one Cg, molecular orientation. Because of this complication,
further study is needed to exactly determine the trade-off
between the driving forces in this system. Remarkably, the
addition of the h-BN substrate reduces the maximum (bias-
free) charge transfer by roughly 1 order of magnitude from that
of the Cqy/graphene configuration (Figure 3a). Figure 3e shows
the corresponding induced dipole moment IP(debye)l.
Interestingly, with an h-BN substrate present, the polarizations

for the nine molecular arrangements can be separated into two
groups, delineated by a threshold polarization IP(debye)l yreq, =
0.10, as indicated by the dotted line in Figure 3e. Results for the
group above threshold are displayed with blue bars and give
sizable charge transfer in the range of (0.01—0.28) X 10" /cm?
((0.07—2) X 107 e/Cq). Results for the group below
threshold are displayed in purple and give charge transfers 3
orders of magnitude lower. For C4,/G/h-BN, there is no clear
correlation between charge transfer and dipole moment (see
Figure SSb). The only notable qualitative trend is that the
group of molecular orientations with large dipole moments
corresponds to the group with large charge transfer, and the
same goes for the group of small dipole moments and charge
transfer. The greatest charge transfer is obtained from the
dimer/hole configuration (1.8 X 107> e/Cg). The charge
transfer varies significantly across the Cg, configurations due to
the importance of the carbon bond between two hexagons of
the Cg cage, namely 6:6. According to the chemistry of
Cgo " 6:6 bonds are preferential sites for functionalization for
several compounds as the degree of electron delocalization
varies (double bond) and higher reactivity is present, mainly
due to the increase of 7 electron density at this bond.
Although h-BN is often considered to be an ideal, inert
substrate for graphene,'® our results clearly show that it has a
profound effect on heterostructure charge transfer and
polarizability. Figure 3f presents the charge difference density
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plot at zero bias for the dimer/hole configuration for Cgy/
graphene/h-BN. The stronger charge transfer for Cg, on the
suspended graphene with no underlying h-BN (Figure 3c) is
strikingly evident. Prior to forming the interface with Cg,, the
induced dipole moment at the graphene/h-BN heterostructure
is IP(debye)l ~ 0.33 (see Figure S4). After formation of the
interface with Cg, charge rearrangement takes place and the
value reduces to below [P(debye)l &~ 0.10. The difference in
electronic character for the p_ -orbitals between h-BN, polar,
and graphene, covalent, is one of the main driving forces for
such modifications of the interfacial polarization dipole. No
appreciable modifications (<0.10 A) of the value of the
interlayer distance between graphene and Cg, are observed due
to this charge rearrangement once monolayer or few-layer h-
BN are introduced. This suggests the active electronic role of
the h-BN substrate in limiting the amount of carriers that
participates in the interfacial charge separation.

We note that the theoretical studies described above are
performed in the low temperature (T = 0) regime. The
question arises what influence higher temperature might have
on the results. For example, it is well-known that in (undoped)
crystalline Cy, the Cg4 molecules freely rotate at room
temperature.”> Near 260 K, the Cg’s rotate almost freely,
and in the range 260—90 K they execute jumps. Below 90 K,
the Cgy’s are substantially frozen in place." On the other hand,
for alkali-doped Cy, the situation is quite different. Here, the
Ceo's are locked into specific orientations with respect to the
alkali ions, even at room temperature. X-ray diffraction studies
on K;Cy, clearly find the absence of Cg, free rotations.” For
K;C¢, and Rb;Cq, the Cgyos orient themselves so that the
electron-rich C=C bonds face the K" and Rb" ions for charge
transfer. Combined with effects of molecular repulsion, Cg
molecules are fixed to one of the two energetically stable
orientations and switch between the two with thermal
energy.l’2 For ions with smaller ionic radii, such as Li* and
Na', the ion-Cg repulsion is much weaker, but the Cys are still
locked to a few energetically stable orientations and jump
between them with thermal energy."*

We have examined theoretically the situation for Cg, on
graphene where the pure Cq, becomes “doped” (i.e, charged)
by virtue of interaction with the (possibly gated) graphene. In
this case, the Cgy’s that reside at the interface with graphene are
substantially locked into position even at room temperature as
demonstrated using ab initio molecular dynamics simulations at
300 K (see the SI and movies for details). Hence, the charge-
transfer and band-structure calculations presented above are
relevant also for finite temperature. Theoretical simulations
predict no temperature dependence of charge transfer up to
300 K.

We now turn to experiment. We explore the following
heterostructure: multilayer crystalline C4, on monolayer
graphene on multilayer h-BN. Figure 4c shows schematically
a cross-section of our typical device-like structure, here
assuming crystalline Cq4 and an h-BN support. Figure 4d
shows an optical image of a functioning device.

We have found that the crystallinity of the Cg, and the
associated device electronic characteristics, are highly sensitive
to Cg deposition conditions. If the Cg, is evaporation-
deposited under only modest (1 X 10™* Torr) “uncontrolled”
vacuum conditions, an amorphous Cy, film typically results (see
Figure S1). On the other hand, if the C4 deposition is
performed under more controlled UHV conditions, highly
crystalline Cg films are readily obtained. Parts a and b of Figure

4 exemplify the high degree of Cg, crystallinity of our UHV-
prepared samples. For these TEM-compatible samples, 15 nm
of C is deposited on suspended graphene at 1.4 X 107'° Torr.
Excellent crystallinity is observed with a grain size ranging from
~100 nm to 200 nm, where the projected lattice images of the
stacked layers of Cg, indicate a triangular pattern for the
organization of the molecules (inset in Figure 4a). The
crystalline structure is confirmed with electron diffraction as
shown in Figure 4b. The outermost spots (blue circles)
correspond to the Bragg reflections for the lattice plane (0—
110) of graphene (with 2.1 A spacing).'® The inner spots (red
circles) correspond to Bragg reflections for the lattice plane
(111) of Cg (with 8.73 A spacing), which correspond to a
close-packed plane with a 2D triangular lattice. Thls result is
consistent with previous results for Cg, thin films."’ Substrate
heating is crucial for achieving highly crystalline Cq, films'? (see
the Methods).

A controlled deposition of the crystalline Cg, thin film is
essential for quantifying the charge transfer between graphene
and Cy (see Figure S1). Parts a and b of Figure 5 show R vs V,
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Figure 5. Gate voltage dependence of the resistance of graphene/h-
BN devices before (dotted line, blue) and after (solid line, red)
deposition of ~15 nm high crystallinity C4,. Deposition conditions
are identical to samples in Figure 4. Samples are measured at (a)
300 K and (b) 4.2 K. Shift of peak to the right indicates hole doping
of the graphene by the Cg). Mobilities extracted from gate voltage
dependence and presented in Table 1.

data for high-quality crystalline Cgy/graphene/h-BN hetero-
structures constructed under UHV conditions (1.4 x 107"
Torr), with a Cg, thickness of order 50 nm. Cg, here behaves as
an electron acceptor. The room-temperature data of Figure Sa
indicate a charge transfer from graphene to Cg of 0.2 X 10'%/
cm® or Ap = 0.14 X 107> e/Cy transferred from graphene to
Cgo- Figure Sb shows similar data for the same device, but for T
= 4.2 K. The charge transfer is again 0.2 X 10'*/cm? or Ap =
0.14 X 107> e/Cg, in agreement with Ap theoretically
calculated for the dimer/hole Cg, orientation for a Cgy/
graphene/h-BN heterostructure (see Figure 3d). As predicted
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Table 1. Parameters from Electronic-Transport Measurements for a C4,/G/h-BN Device”

before Cyq, deposition

after Cq, deposition

T (K) uy (cm?/(V s)) s (cm?/(V s)) peak position (cm™)
42 12300 5100 —0.086 + 0.002
300 4700 5830 —0.09S + 0.003

peak position (cm™?)
0.095 + 0.002
0.121 + 0.003

pn (e?/(V 5)) pe (em®/(V 5))
6150 10200
2530 4600

“Hole mobility (uy,), electron mobility (4,) and the gate induced carrier density at which the resistance peaks (“Peak position”) are listed for

graphene/h-BN before and after Cq, deposition.

by molecular dynamics simulations, the absence of temperature
dependence results in experimental observation of very close
charge transfer values at 4.2 and 300 K.

The carrier mobility is derived from the resistance plots of
Figure Sab. Knowing the aspect ratio of the sample, the
measured resistivity is converted to conductivity and using the
Drude model (6 = neu), and the mobility of the sample is
deduced.” Simple inspection of the slope of the resistance near
the charge neutrality point (Figures Sab) indicates that the
high electron and hole mobilities of graphene in the graphene/
h-BN devices are largely preserved after C¢, deposition. Table 1
shows that both electron and hole mobilities remain within a
factor of 2 after Cg, deposition. The room-temperature (T =
300 K) data suggest that both the electron and hole mobilities
are slightly depressed upon Cg, deposition, while the 4.2 K data
suggest a depression in the hole mobility, and an increase in the
electron mobility, upon Cg, deposition. The increase in
electron mobility upon Cg, deposition is surprising and points
to a possible modest annealing effect on the graphene during
the (elevated temperature) Cq, deposition.

CONCLUSION

In summary, Cgy/graphene constitutes a van der Waals
heterostructure with exciting possibilities for electronic devices
and charge-transfer applications. We have shown through first-
principles calculations that charge transfer between Cg, and
graphene depends on Cg, orientation and, critically, on the
presence or absence of an underlying h-BN substrate. The Cq,
orientation with the strongest interaction energy is hexagonal/
bridge, but the orientation with the greatest charge transfer and
dipole moment is dimer/hole. Cgy’s at the graphene interface
are orientationally locked into position and do not rotate, even
at room temperature. External gating can change the Cg, from
an electron acceptor to an electron donor. Crystalline Cgy/
graphene/h-BN devices maintain the high mobility intrinsic to
suspended graphene and have a charge transfer consistent with
the dimer/hole Cg, configuration. Our findings suggest that the
combination of ab initio density functional theory calculations
and electronic transport experiments can be effective in the
search for other substrates that enhance the range of tunable
charge transfer at the Cgy/graphene interface.

METHODS

Fabrication of the hBN/Graphene/C¢, Heterostructure and
Electronic-Transport Measurements. Graphene was mechanically
exfoliated from natural graphite on methyl methacrylate polymer.
Single graphene flakes were selected and transferred on h-BN, which
was previously deposited by mechanical exfoliation on a Si/SiO, wafer.
Transfer was done following the procedure described in ref 19.
Metallic electrodes were deposited using a silicon shadow mask,*’
avoiding the use of e-beam resist and further contamination of the
surface. After the deposition of the electrodes, the sample was
annealed in a H,/Ar atmosphere at 350 °C for 3 h in order to clean
the surface from any organic contamination. Finally, C4, was deposited
in ultrahigh vacuum (P = 1.4 X 107"° Torr) using a low-temperature

effusion cell. The sample was slowly heated from room temperature to
156 °C at a rate of 0.5 K/min. This slow rate protects the integrity of
the electrical contact to graphene. Deposition of Cg, was done at 0.1
A/s, heating the effusion cell at 332 °C and holding the sample
temperature at 156 °C during deposition. Measurements were
performed in a vacuum probe station before and after the deposition
of Cgpat P =1 X 107® Torr at 300 K and at a lower vacuum at 4.2 K.
Two terminal differential resistance measurements were done with a
lock-in amplifier applying a small AC current of 10 nA. The carrier
density was controlled by applying a DC voltage to the doped silicon.

vdW ab Initio Calculations. Calculations were based on ab initio
density functional theory using the SIESTA method*' and the VASP
code.””” Results presented in this work were produced using the
VASP code, while SIESTA was used to perform initial tests at large
number of atoms in the unit cell. The generalized gradient
approximation24 along with the DRSLL* functional, which includes
vdW dispersion forces, were used in both methods, together with a
double-polarized basis set in SIESTA and a well-converged plane-wave
cutoff of 500 eV in VASP. We used a Fermi—Dirac distribution with an
electronic temperature of kzT = 20 meV. Additional details are
provided in the Supporting Information.
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