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ABSTRACT: Fullerene (C60) and multilayer graphene
hybrid devices were fabricated using electrophoretic deposi-
tion, where the C60 clusters are electrically charged upon the
application of an external bias in a polar solvent, acetonitrile,
mixed with toluene, which facilitates their deposition on the
graphene membranes. Raman spectroscopy unveiled the
unique vibrational fingerprints associated with the A2g mode
of the C60 molecules at ∼1453 cm−1, while blue shifts of ∼6
and ∼17 cm−1 were also attributed to the G- and 2D-bands of
the hybrids relative to bare graphene, suggestive of p-doped
graphene. The intensity ratio of the G- and the 2D-bands I2D/
IG (hybrid) dropped to ∼0.18 from ∼0.3 (bare graphene),
and this reduction in I2D/IG is also a signature of hole-doped
graphene, consistent with the relatively strong electron accepting nature of C60. The electronic conductance of the two-terminal
hybrid devices increased relative to bare graphene at room temperature which was attributed to the increased carrier density,
and temperature-dependent electronic transport measurements were also conducted from ambient down to ∼5.8 K.
Additionally, a low energy shift in the Fermi level, EF ≈ 140 meV, was calculated for the hybrids. When the hybrid devices were
irradiated with a broadband white light source and a tunable laser source (with a wavelength λ ranging from ∼400−1100 nm), a
strong photoresponse was evident, in contrast to the bare graphene devices which appeared unresponsive. The responsivity of
the hybrids was measured to be ∼109 A/W at λ ≈ 400 nm and ∼298 K, while the detectivity and external quantum efficiency
were also exceptional, ∼1015 jones and ∼109%, respectively, at ∼1 V and a light power density of ∼3 mW/cm2. The values are
∼10 times higher compared to other hybrid devices derived from graphene reported previously, such as quantum dot-graphene
and few-layer MoS2−graphene heterostructures. The strong photoresponse of the C60−graphene hybrids reported here is
attributed to the doping enhancement arising in graphene upon the adsorption of C60. This work demonstrates the exceptional
potential of such hybrid nanocarbon-based structures for optoelectronics.

KEYWORDS: C60−graphene hybrid device, electrophoretic deposition, Raman spectroscopy, electron transfer, AFM, optoelectronics,
photoresponse

1. INTRODUCTION

Two-dimensional (2D) layered materials have emerged as
potentially exciting alternatives to Si given their unique
properties that are bound to drive advances in electronics
and optoelectronics.1,2 Charge transport mechanisms in these
materials3,4 often differ significantly from conventional, bulk,
three-dimensional (3D) semiconductors, which has been
another incentive to study the novel aspects of these materials
and to propel device innovations. At the same time,
conventional 3D semiconductors, particularly compound
semiconductors, such as GaAs, InAs, or CdSe, pose challenges
from a materials synthesis standpoint, where the complex
epitaxial growth process requires an elaborate growth infra-
structure, increasing fabrication costs.5

Among the family of 2D-layered materials, graphene has
played a pivotal role for nanomaterials broadly, fueling the
nanotechnology revolution.6 Graphene exhibits high electron
and hole mobility which, under certain conditions, is known to
be ballistic; other unique features of graphene include the
room temperature T quantum hall effect and a high-charge
carrier density, making it exceptionally promising for
electronics.1 In terms of its optical properties, single layer
graphene (SLG) absorbs ∼2.3% of the incident light,7−9 and
photodetector devices show a responsivity limited to ∼10−3
A/W due to a poor light absorption cross-section, short
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photon-generated carrier lifetimes in the picosecond range, and
the absence of optical gain.10 Improvements in the photo-
response of SLG-based photodetectors to improve has relied
on techniques such as the application of an external vertical
bias,11 fabricating graphene-based hybrids, or heterostructures
using transition metal dichalcogenides (TMDCs),12 quantum
dots (QDs),13 and more recently, integration with methyl-
ammonium lead iodide (MAPbI3) perovskites.

14 However, the
fabrication process for making these graphene-based photo-
detectors is relatively complicated and challenging, and the
devices also have a slow response time of ∼5 s which prohibits
their use in high-speed detectors.15

At the same time, several hybrid nanocarbons, such as
fullerenes (C60)−graphene,16−18 C60−nanoribbons,19
TMDC−C60,

20 C60−hexagonal boron nitride,17,21,22 and
superatomic crystals (C60 and metal chalcogenides crystals)23

in various geometric configurations have been prepared using
covalent or noncovalent interactions for optoelectronics,
photonics, energy storage, and solar cells. Amongst these, the
C60−graphene hybrid structure has received some attention, in
particular for applications such as in lithium-ion batteries, in
electrodes for photovoltaics, and in supercapacitors.24,25 Its
importance as an organic thermoelectric material has also

emerged recently, where the π−π stacking of graphene
integrated with C60 is evident in a liquid−liquid interface
u s i n g po l y ( 3 , 4 - e t h y l e n e d i o x y t h i ophene ) po l y -
(styrenesulfonate) to enhance the thermal and electrical
conductivities of the hybrid.26 Recently, vertical heterostruc-
tures composed of C60 thin films on SLG have been assembled
and vertical graphene transistors were also fabricated.27

Experimental and theoretical studies have shown that the
adsorption of C60 on bare graphene is governed by van der
Waals interactions.16,28 Manna and Pati have demonstrated
noncovalent interactions of C60 with graphene, which shows
C60 physisorbed on graphene, and electrons being transferred
from graphene to C60.

29

In this work, we propose C60−graphene hybrids for
photodetector devices, where C60 is deposited onto graphene
using an electrophoretic deposition technique. The enhanced
optoelectronic properties of the hybrid are attributed to charge
transport between graphene and C60. The C60−graphene
hybrid relies on the relatively strong electron-accepting
characteristics of C60 and the good charge transport properties
associated with graphene,27 where this synergistic interaction
allows photogenerated carriers to be collected efficiently to
enable high-performance, high optoelectronic devices for

Figure 1. (a) I−t and V−t measurements, as C60 in toluene−acetonitrile solution is placed on graphene. (b) Illustration of electrophoretic
deposition technique (inset shows the deposition of C60 clusters as a function of applied voltage during electrophoretic deposition). As the V is
increased, the I starts to increase, which leads to more aggregation of C60 clusters as represented by the I−V curves. For the same interval of t (∼1.5
min), ∼0.2 V generates less current due to which there was less aggregation of C60 clusters on top of the graphene membrane (e.g., region I),
whereas for ∼1 V, an increase in I was observed (region II), which implies more aggregation of C60 on top of the graphene membrane. When all of
the C60 is deposited, the current saturates and starts decreasing (region III). (c) Schematic representation of the device (not to scale) and the
electrophoretic deposition process where droplets of C60 clusters are injected using a syringe onto the graphene membrane and the electrodes on
either end represent the areas where the bias voltage is applied during electrophoretic deposition. SEM image of (d) C60 clusters deposited when
the drop of the suspension solution was injected continuously, which results in asymmetric clusters, and (e) symmetric C60 cluster formation when
one drop of the suspension solution is injected after every 1.5 min interval of t.
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detection. Besides the optoelectronic measurements, T-
dependent Raman spectroscopy provided insights on the
origins of a superior optoelectronic device performance, which
reveals the hole-doped nature of graphene when it is in contact
with C60. To the best of our knowledge, this is the first
successful demonstration of a C60−graphene-based photo-
detector, where the optoelectronic response was measured
across a broad wavelength λ range from ∼400−1100 nm using
a tunable laser source at room T, and the optoelectronic
measurements were conducted from room temperature down
to T ≈ 5.8 K. The measured of the hybrid nanocarbon-based
devices is ∼10 times larger than any previously reported
graphene-based hybrid device, while the detectivity D and
external quantum efficiency (EQE) were equally exceptional,
∼1015 jones and ∼109%, respectively, at ∼1 V with a light
power density of ∼3 mW/cm2. Our work serves as a pivotal
stepping-stone for future studies to explore the immense
possibilities of C60−graphene hybrids for optoelectronics and
photodetectors that are essential in defense, surveillance, and
imaging-related applications.30

2. RESULTS AND DISCUSSION
In order to construct our nanodevices, mechanically exfoliated
graphene was transferred onto molybdenum (Mo) electrodes
using a viscoelastic stamping process described by Saenz et al.
for MoS2 membranes.31 Formulations of C60 at concentrations
of ∼5, ∼19, ∼35, and ∼45 μM were made in toluene and
acetonitrile solution, at an acetonitrile/toluene concentration
of 3:1 (v/v). This technique, first reported by Kamat et al.,32

showed that the presence of a polar solvent such as acetonitrile
charges the C60 clusters and facilitates their deposition on the
desired surface as they respond to an external electric field
during electrophoretic deposition. The clusters of C60, thus
obtained, are assembled in an orderly fashion.32 The
electrophoretic deposition technique allowed the C60 mole-
cules to decorate the graphene surface, without heating the
sample. Figure 1a,b show the current−time (I−t) and voltage−
time (V−t) plots measured for the graphene assembly upon
the injection of the C60 solution, while Figure 1c conceptually
illustrates the electrophoretic deposition process. Initially, a
voltage V was applied to the Mo contacts and the current I was
measured in the absence of C60 at V ≈ 0.2 V to calibrate the
system. For V < 0.2 V, the I level was low, as indicated
schematically by region I in Figure 1b. Upon injection of the
C60 solution at V ≈ 0.2 V, the I increased gradually and C60
clusters became charged in the presence of acetonitrile and
started to deposit on top of the graphene membrane (region
II). The inset of Figure 1b of the I−V characteristic
schematically illustrates the C60 clusters deposited on graphene
at progressively increasing electrophoretic deposition voltages.
As the electrophoretic voltage V was increased further up to
∼1 V at ∼0.2 V increments with a steady flow of C60 solution
injected at every step, the I peak increased accordingly, as more
aggregation occurs through the deposition of the C60 clusters.
When all the clusters were deposited, the I peak starts to
decrease with no further C60 deposition (region III) because of
Joule heating in the channel.
The surface morphology of the C60 clusters on the graphene

membrane was examined using scanning electron microscopy
(SEM), where the micrographs in Figure 1d revealed the
asymmetric nature of the C60 clusters deposited on the
graphene membrane when the solution was injected
continuously. The asymmetric clusters were structurally similar

to those reported previously,33 borne out of the liquid−liquid
interfacial precipitation method; this shows that the con-
duction of the hybrid is negligible under these conditions. In
order to obtain more symmetric clusters,32 one drop of the C60
suspension was injected after t ≈ 1.5 min intervals, which
resulted in the C60 clusters coalescing, as shown in Figure 1e. It
is worth noting that the current should be measured
continuously during this electrophoretic deposition process
to yield a symmetric morphology of the C60 clusters, as in
Figure 1e. After the electrophoretic deposition was completed,
the C60−graphene sample was heated at ∼120 °C for ∼5 min
to drive-off the residual toluene and acetonitrile solvents. It
should be noted that acetonitrile−toluene solution has
minimal impact on the electrical conductance of the device
because it largely evaporates after annealing at 120 °C.
Optical absorption properties of the C60 suspensions were

measured using a CARY 5000 spectrophotometer for C60
concentrations of ∼5, 19, 3, and 45 μM, respectively, in the
acetonitrile−toluene solution, as shown in Figure 2a. The

solutions exhibit a structure-less broad absorption from λ ≈
400−700 nm. The principal band of C60 at λ ≈ 410 nm is due
to being orbitally allowed transitions from the ground state to
the excited states,34 and a broad weak continuum was seen
between λ ≈ 430−640 nm with the maximum at λ ≈ 540 nm.
This observation is explained on the basis of the vibronic bands
of the electronic transitions from the lowest unoccupied
molecular orbital (LUMO) to various multimode degenerate
states, including the three-fold degenerate 1T1u states.35 In
general, the absorbance of the solution increased as the

Figure 2. (a) Absorbance as a function of λ for various concentrations
of C60 in 3:1 (v/v) acetonitrile/toluene. (b) I−V characteristics of
C60−graphene hybrids at various concentrations of C60 in 3:1 (v/v)
acetonitrile/toluene. [c(i),d(i)] Show optical micrographs of the bare
graphene and C60−graphene devices, respectively, with the red-dotted
square depicting the [c(ii),d(ii)] large-area AFM scan for bare
graphene and C60−graphene devices, respectively. [c(iii),d(iii)] show
the magnified AFM scans from A to B of bare graphene and C60−
graphene, respectively. [c(iv)] Reveals a smooth graphene surface
from the A-to-B scan direction. [d(iv)] The A-to-B scan direction
showing clustering of C60 on the graphene membrane where the
island height profile is ∼25−30 nm and lateral cluster lengths are
∼300−500 nm. In both of the cases considered, the measured
thickness of the bare graphene membrane is ∼19 nm.
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concentration of C60 increased, which is consistent with the
Lambert−Beer Law.
The I−V measurements shown in Figure 2b reveal a linear

increment in current as the concentration of C60 in the
solution increases, consistent with a higher density of C60 on
the deposited substrate. Contact-mode atomic force micros-
copy (AFM) was used to probe the structural morphology of
the C60 clusters on the graphene surface. The C60
concentrations of ∼45 μM yielded the highest conductance,
which was the concentration used for the subsequent
experiments and analysis. Figure 2c(i),d(i) depict the optical
micrographs of the bare graphene and C60−graphene,
respectively, where the red dotted square indicates the AFM
scan area. The height profile measurements using the AFM
were conducted over an area of ∼15 μm × 15 μm, as shown in
Figure 2c(ii),d(ii), respectively, while the scan area in Figure
2c(iii),d(iii) was ∼1 μm × 1 μm. The measurements were
conducted at a scan speed of 1 Hz. Roughness profile analysis
along the A-to-B scan direction confirms that the bare
graphene in Figure 2c(iv) has an ultra-flat surface with no
detectable periodicity. Meanwhile, clustering of C60 particles
on the graphene membrane is observed in Figure 2d(iv); the
cluster diameter in the latter was determined to lie in the
∼300−500 nm range, with a height amplitude of ∼25−30 nm.
The devices were further characterized using Raman

spectroscopy, where the mechanically exfoliated graphene
membranes show an intense tangential mode G-band and 2D-
band36 at ∼1580 and ∼2701 cm−1, respectively, as depicted in
Figure 3a. Because of the presence of C60 on top of the
graphene membrane, a new peak at ∼1453 cm−1 was observed,
and this peak is attributed to the Ag(2) band of C60, where the
normalized intensity IAg(2) ≈ 0.03. This feature arises from the

C60 molecules, as is evident through a comparison with the
bulk bare C60 film whose Raman spectra is shown in the inset
of Figure 3a, where an intense peak is seen at ∼1469 cm−1 with
a relatively normalized peak intensity IAg(2) ≈ 1. The Ag(2)
peak in C60 is due to the electron accepting nature of C60
giving rise to the C60 “pentagonal pinch mode.”16 As is evident
from Figure 3a, a red shift Δω(−) of the Ag(2) mode is seen for
the C60−graphene hybrid compared to bare C60. Additionally,
a decrease in IAg(2) is observed for the hybrid which is
attributed to the pentagonal pinch mode of C60 where a 100%
tangential displacement is seen for the C-atoms in the C60
molecule that causes the pentagons to shrink and the hexagons
to expand in the presence of graphene, this suggests a strong
interaction of the C60 cages with the graphene sheets.37 The
additional confirmation of the bonding environment can be
gained by additional material characterization techniques such
as X-ray photoelectron spectroscopy or X-ray absorption near
edge structure for a future study.
Besides the Ag(2) Raman mode, the C60−graphene hybrid

devices show a blue shift Δω(+) of ∼6 cm−1 for the G-band
(increases up to ∼1586 cm−1, Figure 3b), and a blue-shift
Δω(+) of ∼17 cm−1 is also observed for the 2D-band (increases
up to ∼2718 cm−1, Figure 3c). Jnawali et al.16 has investigated
C60−graphene hybrids using Raman and THz time-domain
spectroscopy and demonstrated that C60 acts as an electron
acceptor, leading to hole-doped graphene. This is consistent
with our Raman data in Figure 3b,c taken at T ≈ 298 K, where
the Δω(+) (blue) shift of the G-band and 2D-band are
observed for the C60−graphene hybrids, confirming hole
doping. As a result of the blue-shift in the G-peak due to
hole-doping, the reduction in the Fermi level EF of graphene

Figure 3. (a) Raman spectra of bare graphene and C60−graphene at room T (inset shows the Raman spectra of the C60 film). The mechanically
exfoliated graphene membranes show an intense tangential mode G-band at ∼1580 cm−1 and a 2D-band at ∼2701 cm−1. Expanded Raman spectra
for (b) G-band, and (c) 2D-band. The spectra highlights the Δω(+) shift of ∼6 cm−1 for the G-band and ∼17 cm−1 for the 2D-band. (d) Raman
spectra of bare graphene and C60−graphene with the Δω(−) shift as T is increased from 298 to 873 K. The intensity ratio of the G- and the 2D-
bands of bare graphene and C60−graphene are also calculated and are summarized in Table 1.
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can be deduced, which we compute later in the discussion.
Similarly, Yu et al.24 showed that electron transfer to C60 also
influences the intensity of the 2D-mode I2D, where the I2D/IG
ratio drops at 298 K as the carrier concentration increases, with
the concomitant Δω(+) shift. The change in intensity ratios are
summarized in Table 1 where the I2D/IG ratio dropped by
more than 60% for the hybrids compared to bare graphene at
T ≈ 298 K, and the data for T > 298 K are also presented, and
discussed next.

The T-dependent Raman spectra from 298 to 873 K of bare
graphene are shown in Figure 3d at the bottom, while the top
of Figure 3d illustrates the spectra for the C60−graphene
hybrids. The C60−graphene and the bare graphene both show
a Δω(−) shift in the G-band and the 2D-band as T increases,
which is related to electron−phonon coupling, as noted
previously.36 The 2D-band is known to be more sensitive to
changes in the electronic band structure. Therefore, as T
increases, thermally induced strain causes the C−C bonds to
stretch, which impacts the electronic band structure alongside
the Raman 2D-band position, from which properties such as
the thermal-expansion coefficient are deduced.38 Meanwhile,
the G-mode is intimately tied to the optical phonons which are
sensitive to the carrier density more so than the T-induced
strain.39 The I2D/IG ratios tabulated as a function of T in Table
1 show that this ratio decreases more significantly with T for
the hybrids than for bare graphene, and is likely due to electron
transfer from graphene to C60.

40

Elaborating more upon the data in Figure 3d, the Δω(−) shift
in the G-band for the graphene membrane was observed to be
∼12.9 cm−1 as T increased from 298 to 873 K, as seen from
Figure 4a-bottom. Similarly, the C60−graphene hybrid (Figure
4b-top) yielded a Δω(−) of ∼11.3 cm−1 within the same
thermal regime for the G-band. Interestingly, the Δω(−) shift
for the 2D-band in Figure 4b was higher in both the C60−
graphene (∼19.1 cm−1) and the bare graphene (∼16.2 cm−1)
as T increased. Furthermore, the frequency shift resulting from
the T-dependence of the G- and 2D-band for the C60−
graphene films was calculated and fit to ω = ω0 + χT, where ω0
is the Raman frequency shift when the T is extrapolated to 0 K,
and χ is the first-order T-coefficient extracted from the slope of
the linear-fit. The extracted absolute value of the G-band T-
coefficient (χG) for C60−graphene is shown in Figure 4c, where
χG ≈ 0.01618 cm−1 K−1; the inset shows the data for bare
graphene where χG was calculated to be ∼0.01818 cm−1 K−1.
Similarly, the 2D-band T coefficient (χ2D) for C60−graphene
was calculated to be ∼0.02156 cm−1 K−1 in Figure 4d, while
the inset shows the data for the bare graphene with χ2D ≈
0.02366 cm−1 K−1. The χG and χ2D values were ∼12.5 and
∼9.7% lower, respectively, for the C60−graphene hybrid

compared to bare graphene. Additionally, previous inves-
tigations have also shown χG < χ2D which is mostly attributed
to the “self-energy” contribution from the G-band and is
independent of the thermal expansion.36

We then proceeded to conduct two-terminal I−V measure-
ments (no external gate voltage applied) of the hybrid
structures at room T, where the I at ∼1 V was ∼20× higher
for the hybrid when compared to the bare graphene, as shown
in Figure 5a. Because with C60 in direct contact with the
graphene membrane, the conduction path includes the C60−
graphene interface, where the two carbon surfaces are in
intimate contact via van der Waals interactions.14 In our case,
the thickness of bare graphene is ∼19 nm observed from AFM
shown in Figure 2c. Fang et al.41 determined that graphene
with thicknesses ranging from ∼0.67 to ∼4.4 nm (∼2 to ∼13
layers), the conductivity rapidly decreases with increasing
thickness (reduction rate, >20% nm−1). The conductivity
slowly decreases thereafter and is constant for thicknesses of
upto ∼55 nm (165 layers) with a reduction rate <1% nm−1.41

Temperature-dependent electronic transport measurements
were also conducted from ∼5.8 to 298 K, as shown by the
data in Figure 5b,c. At V ≈ 1 V, I increases from ∼0.38 mA at
∼5.8 K to ∼0.8 mA at ∼298 K for bare graphene (Figure 5c)
and ∼9 mA at ∼5.8 K to ∼20 mA at ∼298 K for the C60−
graphene hybrid (Figure 5b). Figure 5d shows the T-
dependence of the resistance (R) in greater detail, with the
inset illustrating the R−T characteristic of bare graphene and
the C60−graphene hybrid, which depicts the general decrease
in R as T is increased.42 Prior reports also show that R of bare
graphene decreases as T increases from ∼5 to 340 K,43,44

which is attributed to impurity incorporation as a result of the
fabrication process.45 Moreover, a closer examination of the
data in the inset of Figure 5d suggests that R does not vary
linearly with T across the entire thermal regime examined. Liu
et al.43 used the Efros−Shklovskii model to calculate the
activation energy Ea over the entire T-range from 5 to 340 K,

Table 1. Ratio of I2D/IG as a Function T for Bare Graphene
and the C60−Graphene Hybrida

I2D/IG

device 298 K 573 K 873 K

bare graphene ∼0.3 ∼0.26 ∼0.23
C60−graphene ∼0.18 ∼0.11 ∼0.09

aThe ratio in the bare graphene remains largely unchanged as T
increases, while the ratio experiences a more significant decrease with
T for the hybrid. Additionally, the decrease in the ratio of the hybrid
at room temperature compared to the bare graphene is also a
signature of hole doping in graphene.

Figure 4. Variation of (a) G-band and (b) 2D-band as a function of T
in bare graphene and C60−graphene (only three T’s are shown for
ease of representation). Linear fit (dotted red lines) showing the
extracted (c) χG for the G-band, and (d) χ2D for the 2D-band in bare
graphene (inset) and C60−graphene. The χG and χ2D values computed
for the C60−graphene hybrid were: χG ≈ 0.01618 cm−1 K−1 and χ2D ≈
0.02156 cm−1 K−1, and for bare graphene χG ≈ 0.01818 cm−1 K−1

(inset in c) and χ2D ≈ 0.02366 cm−1 K−1 (inset in d). The χG and χ2D
values were ∼12.5 and ∼9.7% lower for the C60−graphene hybrid
compared to bare graphene.
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but the scatter in the data was significant. Here we explored
two T-regimes, region I and region II, illustrated in Figure 5d,
where the data are fit to the Arrhenius model46 denoted by eq
1 below

=
Ä

Ç
ÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑ

R T R
E
kT

( ) exp
20

a

(1)

where R0 is the R at T = ∞, and k is the Boltzmann constant.
Taking the logarithm of both sides of eq 1 yields

= +R R
E
kT

ln ln
20

a
(2)

where a linear relationship is expected between ln[R(T)] and
T. From plots of ln[R(T)] versus 1000/T in Figure 5d, the Ea
values were extracted from the slope of the fit. Table 2
delineates the Ea values in meV and the r2 fitting parameters
are shown, where r is the correlation coefficient. Again, two
different regions are noted, where region I refers to T from
∼65 to 298 K and region II covers T from ∼5.8 to 60 K for
both bare graphene and the C60−graphene hybrid, as shown in
Figure 5d and Table 2. From the nonzero Ea values, a thermally
activated conduction mechanism appears to govern charge
carrier transport in the devices where R and T are inversely
related. For the higher T-regime, region I, the Ea (region I) <
Ea (region II) for both the bare graphene and the hybrids. The
thermal generation of the carriers at higher T results in more of
the carriers overcoming the existing built-in potential given the
lower Ea of ∼0.73 meV (region I). In the lower T regime
(region II), the kinetic energy of the carriers decreases,
hindering their ability to overcome the existing built-in
potential barrier, which increases Ea ≈ 0.94 meV. Thus, the

Ea values for both regions I and II for the hybrid structures are
lower, ∼0.34 and ∼0.81 meV, respectively, relative to bare
graphene. Given that an Ohmic response is seen from the I−Vs
in Figure 5a, we suspect minimal tunneling effects to arise at
room temperature, because a suppressed conductance region
would be evident at low voltages if tunneling were dominant,
which was not observed even at low temperatures. Addition-
ally, clean, residue-free viscoelastic stamping was used to
transfer graphene flakes onto the Mo contacts which
minimized contaminants at the interface. The absence of the
D-peak (at ∼1350 cm−1) for the C60−graphene hybrid in the
Raman spectra given by the red-colored plot in Figure 3a
suggests that the likelihood of charged impurity residues from
the electrophoretic deposition process is minimal. Moreover,
through electronic transport measurements at low temper-
atures below about ∼15 or ∼20 K, the amplitude of the
thermally driven phonon vibrations is significantly reduced,
and impurity scattering becomes dominant, where the latter is
temperature independent. Thus, if impurity scattering were
dominant, this would likely have reflected itself through a
temperature-independent R−T characteristic at low temper-
atures where the slope of the line in the Figure 5d inset would
be essentially zero for C60−graphene for a T below 15 or 20 K.
Because the slope is nonzero and similar in character to the
other thermal regimes, we deduce through such transport
measurements, the charged impurities are likely to be low in
concentration and appear to not impact the properties of the
hybrids, which is also consistent with the absence of the D-
band in the Raman spectra.
Next, optoelectronic measurements of the devices were

initiated by exposing the hybrids to a white light source, as
shown by the data in Figure 6a, where an incoming light power
density ∼3 mW/cm2 was used under vacuum conditions at
room T. The photocurrent Iph behavior and the of the
hybrid structure was studied, which are key figures of merit for
a gauging photodetector response. The Iph is defined as the
difference between the current under exposure to light Ilight and
the dark current (Idark), where Iph = Ilight − Idark. A
photoresponse was not detectable in our bare graphene
devices with the available instrumentation, as the Iph measured
was below the picoamp range. As reported earlier, in graphene
the short photon-generated carrier lifetimes on the scale of
picoseconds likely comes into play, and the on−off ratio is also
rather poor.47 On the other hand, the hybrid devices show an
excellent modulation of the Iph with the incoming on−off white
light pulses, where Iph rose above 7 mA, as shown in Figure 6a.

Figure 5. (a) I−V of bare graphene and the C60−graphene hybrid at
298 K, which shows the increased current levels in the latter. I−V of
(b) C60−graphene and (c) bare graphene at different T’s. At V ≈ 1 V,
I increases from ∼0.38 mA at ∼5.8 K to ∼0.8 mA at ∼298 K for bare
graphene (c) and ∼9 mA at ∼5.8 K to ∼20 mA at ∼298 K for the
C60−graphene hybrid (b). (d) Logarithmic plot of ln[R(T)] as a
function of 1000/T, where the red lines show the linear fit of the data
for the bare graphene (blue markers) and C60−graphene (green
markers) in the two regions, namely region I (∼65−298 K) and
region II (∼5.8−60 K). The R of the bare graphene and the hybrids
decreases as T increases, as shown in the inset. The ln[R(T)] data are
fit to the Arrhenius function from which the fitting results yield Ea
values (from slope). The Ea values are tabulated for region I and
region II and the results are summarized in Table 2.

Table 2. Activation Energy Ea and Correlation Coefficient r2

Fitting Values for Bare Graphene and the C60−Graphene
Hybrid for Region I (∼65−298 K) and Region II (∼5.8−60
K)a

region I (∼65−298 K) region II (∼5.8−60 K)

device Ea (meV) r2 Ea (meV) r2

bare graphene ∼0.73 ∼0.915 ∼0.94 ∼0.994
C60−graphene ∼0.34 ∼0.926 ∼0.81 ∼0.993

aThe Ea for the hybrid is lower in both regions compared to graphene,
driven largely by the increased carrier concentration from doping.
Additionally, the Ea (region I) < Ea (region II) for both the hybrid and
bare graphene given the higher kinetic energies available for the
carriers at higher T (region I) to overcome the potential barrier at the
interface.
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From the multiple white light pulses, the response time of
the photodetector was also measured, with the magnified
profile of a single pulse in Figure 6b. From this, the rise time τr
was measured from ∼10% of the noise floor in the off-state or
minimum current to ∼90% of the signal peak value; similarly,
the decay time τd was computed from ∼90 to ∼10% of the
maximum and minimum signal intensities, respectively. The τr
and τd of the hybrid structure were computed to be ∼2.3 and
∼2.9 ms, respectively. The response times, τr and τd, computed
here suggest that the C60−graphene hybrids are much faster
compared to other graphene hybrid photodetectors reported
previously, such as GaN−graphene and perovskite−graphene
structures, whose response times are >100× slower.13,14 Ojeda-
Aristizabal et al.17 have conducted an in-depth study of the
C60−graphene hybrid on h-BN, where the transport was
measured using a three-terminal photogating device config-
uration (gate voltage applied), which is unlike our two-
terminal photoconductive device configuration where no gate
voltage was applied. It is also important to note that in our
experiments, we used the electrophoretic deposition technique

to deposit the C60 molecules. Interestingly, Ojeda-Aristizabal et
al.,17 notes that for C60−graphene deposited directly on an
SiO2 substrate using thermal evaporation (in Supporting
Information section of ref 17, pg 6), where thermal steps are
involved, a change in doping in graphene is observed due to
parasitic charges on the substrate, impeding the use of such
samples for the quantifying charge transfer between graphene
and crystalline C60. Thus, keeping this in mind, we used the
electrophoretic deposition technique which is carried out at
room temperature and avoids thermal steps. The of the

hybrids was also calculated using =
I

P
ph where ≈ ×2 109

A/W for the hybrid at ∼1 V and P ≈ 3.3 pW with the
incoming white light source. These values are ∼10 times
higher compared to values of other graphene-based
photodetectors reported previously.15,17,47−49 The high
values of the hybrid are attributed to the effective separation of
the photogenerated electron−hole pairs at the hybrid interface,
and the photogenerated holes transferred into graphene
recirculating many times to yield a high photoconductive

Figure 6. (a) Iph of bare graphene and the C60−graphene hybrid as a function of t, where the former shows a negligible photoresponse (below pA),
while the hybrids exhibit a substantial Iph > 7 mA for on−off white light pulses irradiated onto the device. (b) The τr ≈ 2.3 ms of the hybrid
photodetector measured from ∼10 to ∼90% of the signal peak value, and τd ≈ 2.9 ms from ∼90 to ∼10% of the signal peak value at ∼1 V under
vacuum, 298 K and a power density of ∼3 mW/cm2. The measured for the white light source of the hybrid was ∼2 × 109 A/W. (c) Iph and of
C60−graphene as a function of λ. Iph and decrease from ∼7.5 to ∼2.9 mA and ∼1.9 × 109 to ∼4 × 108 A/W, respectively, for λ ≈ 400−1100 nm
using a tunable laser source. (d) D and EQE of C60−graphene as a function of λ at room T. At a λ ≈ 400 nm laser source, the device shows high D
≈ 1015 jones and high EQE ≈ 109% which decreased to ∼1014 jones and ∼108% at λ ≈ 1100 nm. (e) Band diagram of our C60−graphene hybrid
showing the photoexcited charge transfer and electron trapping processes and the subsequent downward shift in EF by ∼140 meV because of hole
doping based on the Raman data.
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gain.14 This implies that the photoresponse is mainly
dominated by C60 molecules near the hybrid interface.18

The evolution of Iph was further characterized as a function
of λ using a tunable laser source where λ was varied from
∼400−1100 nm with the device biased at V ≈ 1 V in vacuum
and at room T. As λ is increased from ∼400 to 1100 nm, the
Iph decreased from ∼7.5 to ∼2.9 mA and the also decreased
from ∼1.9 × 109 to ∼4 × 108 A/W, as seen in Figure 6c. This
decrease is likely due to the transport gap (Et) of crystalline
C60, which is believed to be ∼2.3−2.4 eV. Free photocarriers
are generated when the photon energy (hν) is considerably
higher than ∼2.3−2.4 eV where the highly excited excitons
(hot excitons) in C60 dissociate.

50

Other important figures of merit for photodetectors are D

and EQE. These are calculated using D (jones) =
· ·( )A
e I2 dark

and =
λ·( )EQE (%) hc

e
, where e is the electronic charge in

Coulombs and A is the active area of the photodetector in
μm2.31 From this, the device was calculated to have a high D of
∼1015 jones and a high EQE of ∼109% at λ ≈ 400 nm, which
decreased to ∼1014 jones and ∼108%, respectively, at λ ≈ 1100
nm, as shown in Figure 6d. The value for D and EQE are
comparable to previously reported values for graphene−
perovskite devices (D ≈ 015 jones and EQE ≈ 108%).14 We
believe that the high gain of the hybrid device originates from
the continuous hole-doping in graphene. The holes in
graphene move efficiently and are largely unperturbed, and
can circulate multiple times through the circuit, giving a large
Iph.

47 The device performance of our C60−graphene-based
photodetector devices formed using the electrophoretic
deposition technique is summarized in Table 3 and compared
with other graphene-based hybrids reported previ-
ously,14,15,18,47−49,51 from which the exceptional figures of
merit of our hybrid devices are easily evident.
We also postulate a band diagram to explain the mechanism

of the observed photoresponse, as shown schematically in
Figure 6e. The EF of pristine graphene is located at the K point
of the Brillouin zone, where valence and conduction bands
meet at the Dirac point. The LUMO and highest occupied
molecular orbital of C60 are ∼4.3 and ∼6.9 eV.52 Graphene
serves as a high-mobility charge transport channel, and charge
transfer occurs at the C60−graphene interface because of which
a built-in field is established at the interface of the hybrid.14

Upon illumination, C60 absorbs photons with hν ≳ 2.3 eV.50

The photoinduced carriers in graphene are then separated and
transferred by the built-in field of the C60−graphene hybrid
interface. Because C60 is an electron-acceptor, holes are driven
into graphene and the hole population increases,16 which leads
to a downward shift in EF within graphene,53 while electrons
are injected into C60 and charge neutrality is maintained. Also,
Bautista-Flores et al.54 reported that hole doping in exfoliated
graphene shifts EF through various process treatments, where
EF and carrier concentration (n) at room T were calculated
from the Raman data using eqs 3 and 4 below

=
‐ −

E (eV)
position (G band) 1580

42F
(3)

ν
π

=
ℏ−n

E
(cm )

( / )2 F F
2

(4)

Here, position (G-band) is 1586 cm−1 of the hybrid in Figure
3b, νF is the Fermi velocity, and ℏ is the modified Planck’s
constant (i.e., ℏ = h/2π, where h = 6.626 × 10−34 J s). From
our Raman data at ∼298 K in Figure 3b, the calculated value
for EF ≈ 140 meV and n accordingly were tabulated to be
∼1.19 × 1012 cm−2. It is interesting to note that Jnawali et al.16

deduced a shift in |EF| by ∼360 meV, even higher than the
energy shift we observed with |EF| ≈ 140 meV. However, the
shift in EF is in contrast to the values reported by Ojeda-
Aristizabal et al.17 The results are consistent with the observed
Δω(+) shift in the G-band, which is due to hole doping in
graphene and induces the downward shift in EF for graphene.

40

This is also consistent with the reduction in I2D/IG by >60% in
the hybrid compared to bare graphene at ∼298 K as discussed
earlier, consistent with hole doping40 in graphene.

3. CONCLUSIONS
In conclusion, we have fabricated C60−graphene hybrid
devices by depositing C60 using an electrophoretic deposition
technique and measured the optoelectronic properties of the
devices. Raman spectroscopy confirms electron transfer
processes occurring from graphene to C60 which results in a
low shift in EF of graphene by ∼140 meV, thereby inducing
hole doping in graphene. The optoelectronic measurements
show that the clusters of C60 on top of graphene cause
photogenerated electron−hole pairs to separate at the interface
and recirculate many times to yield a high photoconductive

Table 3. Limited Prior Work Has Been Conducted on Photodetectors Based on Hybrids Derived from Multilayer Graphene
(MLG) Which is the Focus of Our Study, While Single Layer Graphene (SLG) and Bilayer Graphene (BLG) are More
Extensively Studied, As Shown below

bare
graphene hybrid detector type λ (nm) bias (V)

a t R T
(A/W) D (jones), EQE (%) refs

SLG PbS QDs photogating/photoconductive white light ∼0.001 ∼2.8 × 105 49
SLG, BLG PbS QDs photogating ∼532, 1050, and

1600
∼5 ∼5 × 107 D ≈ 7 × 1013 15

SLG few-layer MoS2 photogating/photoconductive ∼635 ∼0.1 ∼5 × 108 47
SLG ZnO QDs photogating ∼325, 445 ∼0.001 ∼107 51
BLG metal−graphene−metal photogating ∼1550 ∼10−60 ∼6.1 EQE ≈ 50 48
SLG MAPbI3 photogating ∼450−750 ∼10 ∼1.73 × 107 D ≈ 2 × 1015,

EQE ≈ 108
14

SLG C60 photogating ∼200 ∼0.25 ∼107 EQE ≈ 108 18
MLG C60 photoconductive white light ∼1 ∼2 × 109 D ≈ 5.1 × 1015 this

work
MLG C60 photoconductive ∼400 ∼1 ∼1.9 × 109 D ≈ 4.5 × 1015,

EQE ≈ 109
this
work
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gain. The τr and τd of the hybrid structure were computed to
be ∼2.3 and ∼2.9 ms, and this suggests that the C60−graphene
hybrid photodetectors are much faster than other graphene-
based hybrids. The ≈ 109 A/W was ∼10 times higher
compared to previously reported hybrids, while the D was
computed to be ∼1015 jones at λ ≈ 400 nm at room T. To the
best of our knowledge, our results represent the first approach
towards the fabrication of C60−graphene-based photodetectors
using an electrophoretic deposition technique that does not
rely on complicated fabrication processes and yields the
highest reported values for photodetector device figures of
merit.

4. METHODS
4.1. Materials. Highly oriented pyrolytic graphite crystal was

obtained from SPI Supplies Grade SPI-1, which had dimensions of 10
× 10 × 1 mm. This crystal was taken and placed gently on residue-free
blue medium tack-tape from Semiconductor Equipment Corp.
Another piece of the tape was then taken and gently laid on the
first tape to ensure adequate adhesion and was subsequently pulled
apart. This step was repeated 3−4 times for the successful isolation of
graphene. During exfoliation, it is important to keep good tension on
the tape to avoid fragmentation of the graphene membranes. Various
concentrations of C60 (Sigma-Aldrich, product number: 572500) were
prepared in a mixed solvent by adding acetonitrile and toluene in a
ratio of 3:1 (v/v).
4.2. Device Fabrication. The devices were fabricated using

standard photolithography for the metal contact pattering on SiO2/Si
substrates. Approximately ∼100 nm of Mo was deposited using
sputtering at ∼200 W and ∼3 mTorr Ar pressure which served as the
contact electrode, followed by a metal lift-off process. It is believed
that the temperature rise at our sample during sputtering used was
below ∼100 °C because the lift-off process proceeded smoothly and
the sputtering power used did not cause the photoresist to cross-link.
A viscoelastic stamping method was then used to transfer the
graphene membrane onto the electrode. The procedure followed was
the same as that described by Saenz et al.31 It is believed that the
temperature rise at our sample during sputtering used was below
∼100 °C because the lift-off process proceeded smoothly and the
sputtering power used did not cause the photoresist to cross-link. A
Karl Suss MJB-3 mask aligner was used for the alignment and
subsequent transfer. The SiO2/Si substrate with the Mo electrodes
was held on the wafer chuck. Meanwhile, graphene from blue tape was
then attached to the poly-dimethylsiloxane gel-film, which adhered to
a clear 4 in. × 4 in. glass plate mounted onto the mask aligner. The
graphene membrane on the gel-film-glass plate assembly was then
aligned to the Mo electrodes on the SiO2/Si substrate using the mask
aligner.
4.3. Characterization. Optical absorption spectroscopy was

conducted using a CARY 5000 spectrophotometer in quartz cuvettes
with ∼0.3 mL volumetric capacity. For AFM, the images were
acquired in the contact mode by an AFM Veeco microscope at
ambient conditions (relative humidity ∼30%) using a silicon tip with
k ≈ 0.3 N/m by Ted Pella Inc. The Raman data were obtained using a
Horiba LabRAM HR Evolution, where the laser excitation λ used was
∼532 nm. The electronic and optoelectronic device characterization
was conducted using a Lakeshore CRX-4K probe stage with T control
from ∼5.8 to ∼298 K, and a low noise semiconductor parameter
analyzer, the Keysight B1500A. The photoresponse was measured at
room T by illuminating the device with a white light source (LEDR/4
type illuminator), which has a color T ≈ 6500 K. The tunable spectral
measurements were conducted using a tunable laser source, the
Fianium LLFT Contrast from NKT Photonics. Both the broadband
and narrowband sources were calibrated using the Thorlabs optical
power meter PM100D.
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