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ABSTRACT: Graphene has been widely investigated for use in high-
performance photodetectors due to its broad absorption band and high carrier
mobility. While exhibiting remarkably strong absorption in the ultraviolet range,
the fabrication of a large-scale integrable, graphene-based ultraviolet photo- ’{
detector with long-term stability has proven to be a challenge. Here, using
graphene as a template for Cg, assembly, we synthesized a large-scale all-carbon
hybrid film with inherently strong and tunable UV aborption. Efficient exciton
dissociation at the heterointerface and enhanced optical absorption enables
extremely high photoconductive gain, resulting in UV photoresponsivity of ~10"
A/W. Interestingly, due to the electron—hole recombination process at the
heterointerface, the response time can be modulated by the gate voltage. More
importantly, the use of all-carbon hybrid materials ensures robust operation and
further allows the demonstration of an exemplary S X S (2-dimensional)
photodetector array. The devices exhibit negligible degradation in figures of merit even after 2 month of operation, indicating
excellent environmental robustness. The combination of high responsivity, reliability, and scalable processability makes this new
all-carbon film a promising candidate for future integrable optoelectronics.
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B INTRODUCTION

Atomically thin graphene has attracted intense attention as a
promising candidate for electronics and optoelectronics due to
its exceptional transport and optical properties."”” The

current UV photodetectors are mostly made from inorganic
semiconductors such as GaN, ZnO, f-Ga,0;, and NiPS;, but
these sensing schemes suffer from either low responsivity or
high costs.”>™'7 A sensitive, robust, and cost-effective

absorption spectrum of graphene, extending from ultraviolet
to the far-infrared range, allows the fabrication of ultra-
broadband photodetectors. In particular, the pronounced
photon absorption near the saddle-point singularity makes
graphene well suited for ultraviolet (UV) detector.” However,
for graphene photodetectors without a gain mechanism,
external quantum efficiency (EQE) and responsivity that are
too small hamper its practical exploitation.” In the past few
years, highly responsive graphene photodetectors have been
demonstrated primarily by employing hybrid systems or
interfacial engineering.””~ However, nearly all efforts focus
on the visible and infrared range, leaving the potential of
graphene in the UV band unexplored. On the one hand, this is
due to the modest bandgap of most light harvesters, such as
transition-metal dichalcogenides (TMDs),'”"" organic mole-
cules,” and quantum-dots (QDs).” On the other hand, the high
photon energy of UV irradiation can induce damage for a
range of functional materials that in turn leads to drastically
compromised operation lifetime or durability.'” As a result,
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alternative with the potential of wafer-scale processing is
highly desirable.

Integrating graphene with semiconducting light harvesters
proves a capable method for responsivity enhancement using
the photogating effect. All-carbon hybrid films have recently
shown excellent reliability and superior optoelectronic proper-
ties in harvesting excitons.'” *" Fullerene (Cg), a zero-
dimensional (0D) carbon allotrope, presents numerous
exciting chemical and physical properties and has been widely
employed as an efficient trapping material in various
optoelectronic applications.”’ ™" The strong and tunable
absorption of UV light by C4, molecules opens up the
potential for forming UV functional composite with graphene
in a synergetic way. In addition, both theoretical and
experimental evidence support the presence of highly efficient
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Figure 1. Self-assembled graphene/Cg, hybrid film. (a) Schematic of the graphene/Cy, phototransistor on SiO,/Si. (b) AFM image of a graphene/
Cygo hybrid film on SiO,/Si substrate. Scale bar: 500 nm. The white dot line marks the boundary of areas with and without graphene. The right
panel shows the height profile along the brown solid line. (c) Photoluminescence spectra of C4, film (~75 nm) measured at two locations on
graphene (red circle, optical microscopy image in inset) and on SiO, (black circle). Scale bar: 20 ym. The PL from Cg, film on graphene is much
stronger with a slight blue-shifted peak, indicating better crystalline structure. (d) The absorbance curves of graphene and different graphene/Cq,

hybrid films on quartz, showing tunable UV absorption.

charge transfer at the graphene—Cg, interface,”*® which is
important for fabricating high-performance photodetectors.

Here, we demonstrate a highly sensitive and robust UV
photodetector (covering 200—400 nm) based on the
graphene—Cg, heterointerface. Utilizing the template effect of
graphene, well-organized assembly of C4, molecules facilitates
exciton dissociation at the graphene—Cy, interface, leading to a
high photoconductive gain, high EQE, and a UV photo-
sensitivity of >10" A/W (at a wavelength of 200 nm).
Interestingly, the decay time can be modulated by the back-
gate voltage Vi, showing an asymmetric dependence on the
Vs, which results from the recombination process that is
limited by the carrier density in graphene and the interfacial
potential barrier height. More importantly, the prominent
reliability and compatibility with scalable processing allow the
demonstration of an exemplary photodetector array, making
such all-carbon system an ideal candidate for future integrable
optoelectronic applications.

B EXPERIMENTAL SECTION

Fabrication and Characterization of Graphene/Cy, Hybrid
Phototransistor. The graphene samples were grown on copper foil
by the chemical vapor deposition (CVD) method, and Raman
spectroscopy combined with optical microscope characterizations
point to a defect-free single-layer sample. The Cg, solid (purity of 97%
without further purification) was purchased from a commercial
supplier. The graphene/Cg, hybrid phototransistors are fabricated as
follows: CVD graphene is transferred onto a Si/SiO, (285 nm) wafer
using the poly(methyl methacrylate) supported procedures. Sub-
sequently, metal composition (Ti/Pd/Au) as the source and drain
electrodes are patterned by standard electron-beam lithography
(EBL) techniques using PMMA as a resist and then evaporated by
electron beam evaporation. Graphene channel fabrication is patterned

by another EBL and oxygen plasma etching. The area of the channel is
about 20 um X 20 pm. The electrical performance of graphene
transistors was first assessed before Cg, fabrication. Finally, C4, film
was grown onto graphene transistor by a thermal evaporation process.
The growth temperature was 450 °C under a 1 X 107 Torr vacuum.
For clean graphene—Cyj interfaces, two Au patches were mechanically
transferred onto an exfoliated graphene sheet sequentially as source/
drain contact electrodes. Photoluminescence mapping was performed
with 450 nm LED illumination, and the photoluminescence (PL)
signal is collected by a charge-coupled device (CCD) equipped with a
500 nm high-pass filter. Raman and PL measurements were
performed in a Horiba Jobin Yvon LabRAM HR 800 system using
a 514 nm excitation laser operating at 1 mW, a X100 objective lens
with about 1 ym diameter spot size, and grating of 1800 lines per
millimeter with a spectral resolution of about 0.45 cm™. Atomic force
microscopy (AFM) measurements were performed using a NT-MDT
Spectrum Instruments AFM operating at room temperature and
ambient conditions. Optical absorption spectrum was measured using
a Hitachi UV—vis-3310 spectrophotometer.

Electrical and Photoresponse Measurements. Electrical
characterizations of the transistors were carried out by the Keithley
2614B in a closed probe station under vacuum (107° Torr) at room
temperature. For photoresponse characterization, we used 360, 405,
532, 658, and 808 nm laser diodes, respectively. The beam is guided
through an optical fiber with a FC/PC ferrule and is subsequently
incident onto the channel of the devices without focusing. The beam
at the device was measured to be Gaussian-shaped with a diameter of
about 300 ym. The photocurrent mapping was obtained in air, by
scanning over the device using Thorlabs GVS212, and modulated
photocurrent signals were amplified and detected using the lock-in
(Stanford SR830) technique. Photocurrent mapping was performed
under 532 nm laser illumination, which was modulated by a square-
wave signal generator source. The ultrafast pump—probe spectroscopy
is carried out by a pump—probe setup (see details in section S13 of
the Supporting Information). Spectral responsivity was performed
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Figure 2. (a) Raman spectra recorded for pristine graphene (black line) and hybrid film after deposition of Cg film (~4 nm, red line). The first-
order G and second-order 2D Raman features of graphene are identified. The inset shows the Raman spectrum of pristine graphene, pure Cg, film
and graphene/Cg, hybrid film with a thick Cg, film (~75 nm). (b) Transfer characteristics of the pristine graphene and graphene/C, transistors.
Compared with pristine graphene transistors, the Dirac point of graphene/Cg, hybrid transistor showed an upshift, indicating p-doping in the
graphene sheet induced by Cg,. The hole (electron) mobility of graphene decreases from 4460 (4720) to 3490 (3100) cm? V™' s~ after deposition

of Cg film due to the scattering induced by Cg.
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Figure 3. (a) Resistance as a function of gate voltage for the graphene/Cy, phototransistor under various optical power densities (405 nm laser).
Increasing the illumination leads to a photogating effect that shifts the Dirac point to smaller gate voltages. Inset: simplified schematic of charge
transfer at the graphene—Cy, interface. (b) Responsivity (left axis) and photocurrent (right axis) of the hybrid graphene/Cg, device vs optical
illumination power density at different gate biases. (c) AFM images showing the hybrid channel as-made (top panel) and after 2 months in ambient
conditions (bottom panel) for the same graphene/Cg, device. Scale bar: 2 ym. (d) The photocurrent response of the device at Vi = 0 V (hole-
dominant regime) as fabricated and after 2 months. Pale light stripes represent the illumination (40S nm). (e) Photocurrents measured with Vi; = 0
V and Vpg = 250 mV in graphene/Cyg, phototransistors with different Cq, thicknesses; the illumination power is ~5 mW/cm? The inset is the IQE

of different graphene/Cg, hybrid devices.

using a Newport xenon lamp source and spectrophotometer. The
incident light intensity was recorded by a power meter (Thorlabs
PM100D).

B RESULTS AND DISCUSSION

Figure la shows the schematic of the CVD graphene/Cg,
phototransistor, which consists of a graphene/Cg, hybrid
channel where the ultrathin fullerene film is deposited onto the
CVD-grown graphene via a thermal evaporation process (see
the Experimental section for fabrication details). It is worth

noting that a higher level of uniformity is achieved on graphene
sheet as compared to SiO,/Si substrate, as revealed by the
AFM image (Figure 1b). On the SiO,/Si substrate, Cg
molecules underwent island growth mode due to stronger
molecules interaction. A more-detailed analysis of the
morphologies of Cg4 grown on different substrates confirms
that graphene acts an excellent template for depositing well-
ordered Cg structures (see Figure S1). The PL spectra and PL
microscopy of Cy, film (~75 nm) deposited onto and outside
of the graphene substrate verified the well-organized ordered
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Figure 4. (a) Photocurrent image of hybrid graphene/Cy transistor marked in panel b at V5 — V; = =S V (top panel) and Vg — V, = 5 V (bottom
panel). The gold solid line indicates the electrode, and the white dashed line indicates the graphene/Cg, channel. Scale bars: 20 ym. (b) Schematic
band diagrams illustrating the charge-transfer dynamics at different back-gate voltage. The dash lines correspond to the Fermi level of graphene at
different gate voltages. The navy dash arrows shows the photogenerated-hole recombination (photocurrent decay) process after laser pulse is off.
®, represents the potential barrier height. (c) Differential reflection (AR/R,) measured from pristine monolayer graphene and graphene/Cq,
heterointerface with a 800 nm pump and a 1050 nm probe pulse. Red lines are the fitting curves. (d) Fall time 7 as a function of the gate bias V.

Inset: temporal photocurrent response curves at Vg — Vg =2 V.

Cgp crystal on graphene (Figures 1c and S2). An atomically flat,
dangling-bond-free graphene substrate together with a highly
similar lattice structure is believed to form the excellent
epitaxial condition for Cg4 molecules by van der Waals
interaction.”””® Furthermore, the planar z surface of graphene
makes Cg, self-assembly a highly effective processing through
intermolecular 7—7 stacking.” Such interactions can make Cg
molecules firmly locked to the graphene lattice, leading to a
strongly bonded graphene/Cy, interface. The optical absorp-
tion spectra of the pristine graphene and the graphene/Cq,
hybrid films are shown in Figure 1d. In the UV region, four
absorption peaks associated with band-to-band electronic
transitions are observed at 461 nm (2.68 eV), 344 nm (3.60
eV), 267 nm (4.64 eV), and 219 nm (5.66 eV) (see details in
section 3 of the Supporting Information). Importantly, the
absorbance of the hybrid film is found accurately regulated by
the thickness of the Cy4, constituent layer, where close-to-unity
absorption can be achieved for wavelength below 300 nm with
a ~75 nm thick Cg, layer.

To investigate the charge-transfer dynamics or doping
scenario of the graphene—Cg, interface, Raman spectroscopy
was performed, as shown in Figure 2a. For the pristine
graphene, the prominent G (1586 cm™) and 2D (2687 cm™")
peaks exhibit an intensity ratio (I,p/I;) of ~2, and the D peak
is absent, confirming that the graphene sheet is monolayer with
reasonably good quality.'® Upon Cg (~4 nm) deposition,
both G and 2D peaks are slightly up-shifted, indicating a hole
doping for graphene due to phonon renormalization from
nonadiabatic electron—phonon coupling (see detailed analysis
in section S4 of the Supporting Information).*® The frequency
shift of the Raman peak scales linearly with the Fermi energy

(Awg = AlEgl X 42 cm™ eV™}; see ref 31) and the change of
carrier concentration obeys An = (AlEgl/Avg)?/x (see ref 32),
where g = 1.1 X 10° m/s is the Fermi velocity. This allows us
to estimate a hole-doping level on the order of 10'* cm™ As
the Cg, thickness increases, the 2D peaks for graphene
appreciably shift up with suppressed intensities and wider full
width at half maximum (fwhm), which makes the G band of
graphene overlap with the high-energy H,(8) mode of the Cg,
film, as shown in the inset of Figure 2a. The role of Cg,
molecules as the electron acceptors is further corroborated by
the transfer curves (Figure 2b), where the Dirac point (or,
equivalently, Vp, the charge-neutrality point) shifted from 9 to
32 V following the deposition of Cg, layer. The energy level of
the Dirac point of graphene is close to the lowest unoccupied
molecular orbital (LUMO) of Cg, enhancing the likelihood
for electrons capture by either LUMO or unoccupied midgap
trap states in Cy (inset of Figure 2b). The amount of electron
transfer from graphene to Cg can be estimated byAn = C,AV/
e to be 1.66 X 10" cm™, which is equivalent to ~0.013
electron captured per interfacial C4, molecule, agreeing well
with the dimer/hole configuration.””

Figure 3a shows the resistance of the graphene/Cq, as a
function of back-gate voltage V; under different optical power
densities (405 nm). In all cases, illumination causes the Dirac
point to shift to lower values of Vi, indicating that
photogenerated electrons are transferred from Cg, into
graphene (inset of Figure 3a). Because the photogenerated
holes remain trapped in the Cg, layer, a photogating effect is
resulted and shifts the V7, to a lower gate bias. For V5 < Vp, the
carrier transport in the graphene channel is hole-dominant,
which can recombine with both the photogenerated electrons
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from Cg4 and photogating-induced electrons, leading to an
increased resistance. In contrast, for Vi; > Vp, the electron is
the dominant charge carrier in graphene, and thus, illumination
leads to a decrease of resistance. The photocurrent shows the
effective tunable characteristic, which allows the control of the
photoresponsivity by gate bias (see Figure SS).

The responsivity (defined as R = I,;,/p;,) and photocurrent
measured at Vpg = 250 mV at different gate bias was
summarized in Figure 3b. The R of our device can reach ~10°
A/W under low light intensity (405 nm, ~5 yW/cm?), which
is comparable to or higher than that of the reported
semiconducting light-absorbing layer at similar excitation
intensity (see details in section S6 of the Supporting
Information and Table S1).7%'%3*73 Ag with most
graphene-based phototransistors, R decreases at high incident
photon densities due to the saturated absorption and the
weakened built-in field.” It is noted that the device shows
different photoresponsivity—power density decay relations at
different gate bias, which is universal in graphene-based
photodetectors.”® This phenomenon results from the hole and
electron mobility difference of graphene and the additional
conductivity of Cg, under illumination. The external quantum
efficiency (EQE, #pqr = Rhv/e) is also calculated (Figure S7).
We attribute the superior EQE in graphene—Cy, interfaces to
strong UV light absorption in the Cg4 film as well as the
intimate sp*-hybridized interface.'® The linear scaling of the
photocurrent with the bias Vg for different optical powers at
Vg = 0 V is clearly observed (see Figure S8). The
characterization of the microscopic morphology and photo-
response for the same graphene/Cg, phototransistor demon-
strate that such hybrid devices have excellent long-term
stability. For example, there is no obvious difference in the
device response between an as-fabricated device and a device
after 2 month of operation (Figure 3c,d). These results are
especially relevant for the practical applications. In addition,
the dependence of photocurrent on Cg, film thickness was also
studied, as plotted in Figure 3e. The photocurrents first
increase and then gradually become saturated as the Cg,
thickness increase, implying that photoresponse is mainly
dominated by C4, molecules near the heterointerface. The
internal quantum efficiency (IQE) decreases as the Cg
thickness increases (inset of Figure 3e), but it still remains
as high as 2.0 X 10* in all devices, even at relatively high laser
power density (5 mW/cm?).

To further verify the photocurrent generation mechanism in
the graphene/Cy, heterostructure, high-resolution spatial
photocurrent mapping was employed under a confocal optical
microscope (see the Experimental section for details). To
avoid any organic residue and preserve a clean graphene—Cg,
interface, the Au electrodes were mechanically transferred onto
an exfoliated graphene sheet without lithography. The optical
images and the corresponding transfer curves in dark/light of
pristine graphene and graphene/Cg, hybrid transistor are
shown in Figures S9 and S10. For ease of discussion, we define
the cross-point between the transfer curves under dark and
illumination to be V. The photocurrent mapping results at the
two different back-gate regimes are shown in Figure 4a, in
which the different polarity of the photocurrent are consistent
with the photogating effect. Photocurrent generation clearly
arises from the graphene/Cg, hybrid channel rather than
electrode/channel junctions or other regions, excluding the
thermoelelectric effect as the main contribution.”® The
temperature dependence of Ipg allows us to neglect the

bolometric contribution (see Figure S11). In particular, the
electrostatically tuned work function of graphene allows us to
regulate the energy barrier (or band alignment) at the
graphene—Cgy, interfaces, as illustrated in Figure 4b. For Vg
> V,, the built-in electric field at the graphene—Cy, interface
gets enhanced, which facilitates electron—hole pair separation,
leading to increased photoresponsivity. To reveal the intrinsic
photoexcited carrier dynamics, we perform ultrafast pump—
probe spectroscopy of the graphene—Cg, interface (see the
Experimental section). A 800 nm pulse is selected to pump the
Cgo layer, and a 1050 nm pulse is used to probe the state filling
caused by charge transfer in graphene only. The time-resolved
differential reflection (AR/R,) for the graphene—Cg, hetero-
interface is shown as the blue circles in Figure 4c. The
magnitude of the signal is 4 times higher than the individual
graphene samples (olive circles) with a single-exponential
decay (red curve, ~1.8 ps). For a 550/800 nm pump/probe
pulse, the signal decays bi-exponentially with a fast time
constant of 3.8 ps and a slow constant of 48 ps, in which the
slow component is reasonably consistent with the photocarrier
lifetime in Cgy (for details, see section 12 in the Supporting
Information). These transient measurements provide unam-
biguous evidence of the ultrafast and efficient transfer of
photocarriers; that is, most photogenerated carriers in Cg
transfer to graphene and recombine within a time scale of a few
picoseconds.

We then investigate the device response speed. The rise time
of the detector is reasonably fast (<5 ms), while the decay time
is longer (~SS ms at Vg — V, = 2 V; see the inset of Figure
4d). The multiple trap states, i.e., disorder or defects, and low-
mobility interlayer hopping of trapped carriers in Cg, are
responsible for the slow release times.’ It is noted that the
decay time (7) can be modulated by the back-gate voltage, i.e.,
the response time is fastest when V{; is around V;, and it will
gradually increase when V{; is tuned away from V. There is a
noticeable difference in the two V{; regimes; that is, an overall
faster decay time for Vg > V; and a slower decay regime for Vg
< V, (Figure 4d). Such an asymmetric effect is believed to arise
from the photogenerated-hole recombination process near the
graphene—Cqj interface.””” For V; < V,, the hole-rich channel
hampers the photogenerated-hole diffusion from Cg, resulting
in a slow interfacial recombination process, as illustrated in
Figure 4b. As the magnitude of negative V; increases, the
higher density of holes in graphene prolongs such a
recombination process. However, for V; > V,, a high density
of electrons in graphene can shorten the lifetime of
photogenerated holes trapped in Cg. While increasing the
positive V; values would raise the potential barrier @, (see
Figure 4b), it blocks the escape of photogenerated holes to the
graphene channel, increasing the decay time. That is to say that
the recombination process is mainly limited by the hole carrier
density in graphene for V; < V,, while it is limited by the
potential barrier height for Vg > V4.

The long lifetime of holes localized in Cg, leads to a high
photoconductive gain (G = 7y/7,), which originates from the
multiple electrons recirculation in the graphene transistor. For
a bias voltage Vpg of 250 mV and a measured field-effect
mobility of 3800 cm® V™' s7! (Figure S10), the transit time is
estimated to be 7, = L?/uVpg. A gain range of 8.5 X 10°—4 X
107 is calculated using lifetime of 55 and 260 ms respectively,
which provides an amplification function for the photo-
responsivity. For the specific CVD-graphene/Cg, device, the
gain is also on the order of 4 X 107 using lifetime of 200 ms
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Figure S. (a) Normalized spectral responsivity of the hybrid device. Red shaded areas correspond to the absorption of the hybrid film. Inset:
responsivities as a function of the optical power density for several UV and visible laser diodes (360, 40S, 532, 658, and 808 nm). (b) Highly
reproducible photocurrent response curves for >1200 cycles at ambient conditions, measured at Vg — V; = =10 V and V5, = 10 mV with an
incident power of 0.35 mW/cm?. (c) Optical microscope image of a 5 X 5 integrated array. Scale bar: 10 um. (d) The spatial-light mapping for the

arrayed devices.

and mobility of 3100 cm® V™' s7" (Figure 3a). Therefore, the
gain-bandwidth product of our all-carbon hybrid device is on
the order of 2 X 10® Hz, which is quantitatively similar or
better to other graphene-based hybrid photodetector.

To confirm the capability of such an all-carbon hybrid film
as UV photodetectors, we measured the broadband photo-
response of our device from 200 to 800 nm. As shown in
Figure Sa, higher responsivity is achieved for the UV band,
which is consistent with the absorption of the hybrid film. The
responsivity is also measured by using several UV and visible
laser diodes (inset of Figure Sa). At an illumination power
density of ~2.5 yW/cm?, all wavelengths exhibit a responsivity
of >10° A/W. From the spectrum responsivity, we deduce a
photoresponsivity of ~3 X 10" A/W for 200 nm illumination.
For ~2.0 eV band gap of Cg, the long absorption tail
extending into the energy gap is as a result of structural or
compositional disorder,”® which is responsible for the response
at long wavelength range (>620 nm). Such all-carbon devices
exhibit robust switching behavior and excellent reproducibility.
Even at ambient condition, the device keeps a good
responsivity without any degradation after thousands of cycles
(Figure Sb). Drawing on the large-area growth, transfer of
CVD graphene and scalable processability of C, the hybrid
films allow for facile and scaled-up processing. Figure Sc shows
the optical image for an exemplary S X $ integrated array. The
spatial light mapping for the devices array is shown in Figure
Sd, in which the arrayed devices exhibit a rather uniform
photoresponse, opening up the potential for large-scale
integration.

B CONCLUSIONS

In summary, we report herein a large-area graphene/Cg, hybrid
film with strong and tunable UV absorption, and the charge-
transfer dynamics at the interface are systematically probed.
The film is subsequently used to demonstrate an ultrasensitive
UV photodetector with a responsivity exceeding 10’ A/W. Due
to the high mobility of graphene and the well-organized
assembly of Cg, molecules, the device features fast and gate-
dependent transient characteristics. Harnessing the excellent
long-term stability, high reliability, and scalable processability,
a § X 5 photodetector array is successfully fabricated. Our
results significantly improve the performance level of a
graphene-based UV photodetector. The efficient electronic
coupling of such an all-carbon interface may pave the way for
other optoelectronic functionalities such as light emission and
solar-harnessing applications.
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