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We report novel graphene nanoribbon (GNR)/semiconductor nanowire (SN'W) heterojunction light-
emitting diodes (LEDs) for the first time. In the device, the GNR and SNW have face-to-face contact
with each other, which has the merits of a larger active region and smaller series resistance, and may
benefit high-efficiency electroluminescence and even electrically driven lasers in the future. ZnO, CdS,
and CdSe NWs were employed in our case. At forward biases, the GNR/SNW heterjunction LEDs
could emit light with wavelengths varying from ultraviolet (380 nm) to green (513 nm) to red (705 nm),
which were determined by the band-gaps of the involved SNWs. The mechanism of light emitting for
the GNR/SNW heterojunction LEDs was discussed. Our work opens new routes to developing diverse
graphene-based nano-optoelectronic devices, which are basic components in integrated optoelectronic
system. Besides, the novel graphene/SN'W hybrid devices, by taking advantage of both graphene and
SNW, will be promising candidates for use in applications such as high-sensitivity sensor and

transparent flexible devices in the future.

Introduction

Graphene, a single atomic layer of carbon arranged in a honey-
comb lattice, has attracted a lot of research interest since its
discovery in 2004." Tts many important physical properties,
such as high mobility and conductivity,® high optical trans-
parency,” mechanical flexibility® and robustness,” environmental
stability,” and low-temperature processing, have made graphene
a promising material for use in diverse device applications. For
example, it has been used as a substitute for indium titanium
oxide (ITO), which has the drawbacks of high-cost, limited use
for flexible substrates, and degradation of device performance
over time due to indium diffusion, as the flexible transparent
conductive electrode for organic photovoltaics'® and light-emit-
ting diodes (LEDs).!* Moreover, graphene is considered
a promising alternative to silicon for next-generation nano-
electronics, especially in producing low-cost, high-efficiency,
lightweight, transparent, and flexible devices.>'?'® So far,
although a lot of work has been done on investigating graphene-
based electronic devices, little work aimed at developing gra-
phene-based nano-optoelectronic devices, which are basic
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components in integratred optoelectronic system, has been
reported.’”

Semiconductor single crystalline nanowires (NWs) can be
grown and constructed into devices using the bottom-up
method™ on basically any substrate. Moreover, they are
mechanically flexible and robust, and are compatible with the
low-temperature device process desired for plastic substrates.'®
So far, single NW devices have shown themselves to be promising
in high-sensitivity sensors®® and transparent flexible devices.'®

In this paper, we report, for the first time, graphene nano-
ribbon (GNR)/semiconductor NW (SNW) heterojunction
LEDs. n-Type ZnO, CdS, CdSe NWs were used in this work. A
GNR and SNW face-to-face contact device structure was
employed, which has the merits of smaller series resistance and
larger active region, and may benefit high-efficiency electrolu-
minescence (EL) and even electrically driven lasers in the
future.*! The emitting light wavelength was determined by the
involved SNW. Our work opens new routes to developing diverse
graphene-based nano-optoelectronic devices, which are basic
components in integrated optoelectronic system. Besides, the
novel graphene/SNW hybrid devices, which take advantage of
both graphene and SNWs, are promising candidates for use in
applications such as high-sensitivity sensor and transparent
flexible devices in the future.

Experimental section

Both the n-type SNWs**72* and the graphene® used in this work
were synthesized via the CVD method. Before device fabrication,
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graphene was transferred by the stamp method with the help of
PMMA (poly methyl methacrylate)*® to Si/300 nm SiO,
substrates for Raman spectroscopy and electrical property
characterization, to quartz substrates for transparency charac-
terization, and to carbon-coated grids for high-resolution
transmission electron microscopy (HRTEM) (Tecnai F30). Their
electrical properties were measured by a Hall-effect measurement
system (Accent HL5500).

The fabrication processes of a GNR/SNW heterojunction
LED are as follows (Fig. 1): First, the as-synthesized large-scale
graphene was transferred by the stamp method with the help of
PMMA?¢ to a Si/SiO, substrate. Second, the SNWs (ZnO, CdS,
or CdSe) dispersed in ethanol were dropped on the substrate
(Fig. la). Third, a photoresist pad was patterned to cover one
end of a SNW by UV lithography and development processes
(Fig. 1b). The photoresist together with the uncovered SNW was
then used as the masks for the following graphene etching
process by an inductively coupled plasma (ICP) etching tech-
nique (Fig. 1c). Later, the photoresist was removed by acetone,
leaving a graphene pad connecting with a GNR underneath the
SNW. Ohmic contact electrodes to the SNW (In/Au (10/100 nm))
and graphene pad (Au (60 nm)) were defined by UV lithography
followed by a thermal evaporation and lift-off processes
(Fig. 1d). It is worth noting that because an undercut was formed
during the oxygen plasma etching process®! (see ESIT), the In/Au
electrode on the SNW will not make contact with the GNR and
cause a short circuit. The electrical properties of the GNRs
fabricated with the method mentioned above were investigated
by measuring their transistor characteristics. The GNR tran-
sistor was fabricated by using a SiO, NW as the mask. Here, the
insulative SiO, NW need not be removed before the electrical
measurement, and thus avoids additional chemical or physical
process induced influence to the measured results. The contact
resistance to GNR was estimated by the four-terminal
measurement method (see ESI).

Room-temperature electrical transport properties of the GNR
transistors and GNR/SNW heterojunctions were characterized

UV lithography

Fig. 1 Schematic illustration of the fabrication processes of a GNR/
SNW heterojunction LED. (a) The as-synthesized large-scale graphene
was transferred to a Si/SiO, substrate. After that, SNW suspension was
dropped onto the graphene. (b) A photoresist pad was patterned to cover
one end of a SNW by a UV lithography and development process. (c)
Oxygen plasma etching was used to remove the exposed graphene. (d)
After removing the photoresist, In/Au and Au ohmic contact electrodes
attached to the SNW and graphene were defined, respectively.

with a semiconductor characterization system (Keithley 4200).
The transparency was measured by a UV-vis-NIR recording
spectrophotometer (Shimadzu UV-3100). Raman and EL
measurements were done with a microzone confocal Raman
spectroscope (HORIBA Jobin Yvon, LabRam HR 800) equip-
ped with a color charge-coupled device (CCD).

Results and discussion

The HRTEM, Raman, and transparency characterization results
for the as-synthesized graphenes (see ESIT) demonstrate that the
graphene is high quality, a monolayer, with high transparency.
The typical sheet resistance, hole concentration, and hole mobility
of the graphenes, measured by a Hall measurement system, are
about 345 Q/sq, 1.84 x 10" cm™2, and 98.6 cm? V-' 57!, respec-
tively. It is worth noting that the low sheet resistance and high
hole concentration of the as-synthesized graphene guarantee
a small series resistance in the heterojunction LED.

Fig. 2a shows a field-emission scanning electron microscope
(FESEM) image of an as-fabricated GNR/CdS NW hetero-
junction LED. We can see that the diameter of the CdS NW is
about 300 nm. During the electrical measurement, the In/Au
ohmic contact electrode of the CdS NW was grounded. The I-V
curve (Fig. 2b) of the LED shows an excellent rectification
characteristic. An on/off current ratio of ~3.4 x 107 can be
obtained when the voltage changes from +1.5 to —1.5 V. The
turn-on voltage is around 1.1 V. In view of the high hole
concentration (1.84 x 10" cm~?) and near-zero band-gap of the
GNR,? the heterojunction structure of the GNR/CdS NW LED
can be considered approximately as a metal-semiconductor
contact of the Schottky model.*?* For Schottky barrier diodes
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Fig. 2 (a) FESEM image of an as-fabricated GNR/CdS NW hetero-
junction LED. (b) Room-temperature /-V characteristic of the LED in
panel (a) on a semi-log scale. The red straight line shows the fitting result
of the I-V curve by the equation In(l) = eVinkT + In(ly).
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made on high-mobility semiconductors such as ZnO, CdS and
CdSe etc., the current I is determined by the thermionic emission
of electrons and can be described by the equation I = Iy[exp(eV/
nkT) —1 1,*° where I is the reverse saturation current, e is the
electronic charge, V is the applied bias, n is the diode ideality
factor, k is the Bolzmann constant, and 7 is the absolute
temperature. By fitting the measured I~V curve with the above
equation, we can obtain n = 1.58. Note that, the GNR/ZnO NW
and GNR/CdSe NW heterojunctions show similar rectification
characteristics as above, with the turn-on voltages to be about 0.7
and 1.2 V, respectively (see ESIT).

Fig. 3a—c show the EL images (Olympus BX51M) of the GNR/
SNW (ZnO, CdS, CdSe, respectively) heterojunction LEDs at
a forward bias of 5 V. Except for the ZnO NW case (where the
emitting light is invisible ultraviolet light) in Fig. 3a, strong
emitting light spots can be seen clearly with naked eyes at the
exposed ends of the NWs. For the CdS NW case (Fig. 3b), we can
see another glaring light spot on the NW. This may be due to the
scattering from defects or adhered particles on the CdS NW.3! As
the optical image of the graphene on the Si substrate with a 600
nm SiO, layer is unclear, we use the dashed lines to demarcate the
graphene in these figures. Fig. 3d—f show the room-temperature
normalized EL spectra at various forward biases for the GNR/
SNW heterojunction LEDs, where the SNWs are ZnO, CdS, and
CdSe NWs, respectively. The EL light collecting points were at
the corresponding exposed ends of the NWs, indicated by the
white arrows in the figures. The peak wavelengths of the EL
spectra coincide with the band-edge emission of the involved
SNWs (ZnO, CdS, CdSe, respectively.). This indicates the radi-
ative recombination of electrons and holes occurs in the SNWs.
For all the LEDs, EL intensities increase with the forward bias.
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Significantly, light emission can be detected at a forward bias as
low as 2.5V for the CdS N'W case. We have studied more than 40
GNR/SNW heterojunction LEDs. Similar results are obtained.

We can qualitatively understand the mechanism of light
emission for the GNR/SNW heterojunction LEDs by studying
the energy band diagrams. Fig. 4a shows the thermal equilibrium
energy band diagram of a graphene/n-type semiconductor
structure, where the work function of graphene is @, and the
electron affinity of the semiconductor is x. E,, Er correspond to
the band-gap and Fermi level of the semiconductor. Due to the
difference of their work functions, the energy band of the semi-
conductor will bend upward at the graphene/semiconductor
interface, and the Fermi levels at the two sides are brought into
same level after contact. Under a forward bias (i.e.. a positive
bias on graphene), the built-in potential is lowered. Therefore,
more electrons will flow from the n-type semiconductor to gra-
phene, and simultaneously, more holes will flow from the gra-
phene to the n-type semiconductor. Herein, as the SNW is the
direct band-gap semiconductor, which has a higher electron—hole
radiative recombination rate, the injected holes and electrons will
mainly recombine in the SNW region. Therefore, the corre-
sponding EL spectrum will be determined by the band-edge
emission of the SNW.

It is worth noting that, in our face-to-face contact LED, the
active region, where the radiative recombination occurs, is larger
and the series resistance is smaller, compared to crossed NW or
NW/Si pad heterojunction structures.?>*** In order to verify
this, graphene pad/n-CdS NW heterojunction LEDs were also
fabricated and studied for comparison. (see ESIT). These merits
may benefit high-efficiency EL, and even electrically driven lasers
in the future. More work aimed at further improving the device
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Fig. 3 (a)—(c) The optical images of the GNR/SNW (ZnO, CdS, CdSe, respectively) heterojunction LEDs at a forward bias of 5 V. Dashed lines were
used to demarcate the graphene from the substrate. White arrows: the light collecting points during the EL measurements. (d)—(f) The room-temperature
EL spectra for GNR/SNW (ZnO, CdS, CdSe, respectively) heterojunction LEDs at various forward biases.
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Fig. 4 Schematic illustration of the energy band diagram of a graphene/
semiconductor heterojunction. (a) The thermal equilibrium energy band
diagram. (b) The energy band diagram of the heterojunction under
a forward bias. @: the work function of graphene; x: the electron affinity
of the semiconductor.

performance, including optimizing the SNWs, graphene mate-
rials, device structure, as well as the fabrication process, is still
ongoing in our lab.

Conclusion

We have fabricated and studied GNR/SNW heterojunction
LEDs for the first time. In the device, the GNR and SNW have
a face-to-face contact structure, which has the merits of a larger
active region and smaller series resistance. ZnO, CdS, and CdSe
NWs were employed in our case. The emitting light wavelengths
of the as-fabricated LEDs are determined by the band-gaps of
the involved SNWs, which can vary from ultraviolet (380 nm) to
green (513 nm) to red (705 nm). Our work opens new routes to
developing diverse graphene-based nano-optoelectronic devices,
which are basic components in integrated optoelectronic systems.
Besides, the novel graphene/SNW hybrid devices, by taking
advantage of both graphene and SNWs, have promise for use in
applications such as high-sensitivity sensor and transparent
flexible devices in the future.
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