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ABSTRACT We report a type of device that combines vertical arrays of one-dimensional (1D) pillar-superlattice (PSL) structures with
2D graphene sheets to yield a class of light emitting diode (LED) with interesting mechanical, optical, and electrical characteristics. In
this application, graphene sheets coated with very thin metal layers exhibit good mechanical and electrical properties and an ability
to mount, in a freely suspended configuration, on the PSL arrays as a top window electrode. Optical characterization demonstrates
that graphene exhibits excellent optical transparency even after deposition of the thin metal films. Thermal annealing of the graphene/
metal (Gr/M) contact to the GaAs decreases the contact resistance, to provide enhanced carrier injection. The resulting PSL-Gr/M
LEDs exhibit bright light emission over large areas. The result suggests the utility of graphene-based materials as electrodes in devices
with unusual, nonplanar 3D architectures.
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Vertical arrays of one-dimensional (1D) semiconductor
crystals, such as nanowires1-4 and pillars,5,6 are of
interest partly because of their promise for applica-

tion in advanced optoelectronics and photovoltaics. Com-
pared with planar structures, vertical pillar arrays provide
enhanced light extraction in light emitting diodes (LEDs) and
light absorption in solar cells, due to the suppressed reflec-
tion at the output/input surfaces, increased areas of these
surfaces, and photonic crystal effect.4,5,7-9 In addition, small
heterointerfacial areas in the 1D pillar structures can ef-
fectively relieve strain in way that has the potential to
prevent adverse effects of large lattice mismatches.10 Several
recent attempts have been made to improve the device
performance by exploiting these advantages.5,6 Layouts that
involve air gaps between the pillars offer enhanced ability
to accommodate flexural (bending) deformation without
fracture,11,12 thereby providing advantages over those achiev-
able by making the devices thin and placing them near the
neutral mechanical plane.13 These collective mechanical and
optical characteristics are of interest for various classes of
optoelectronic device. Practical use of 1D structures in device
applications generally requires, however, the formation of
window electrodes on the top surfaces for current injection.
The established approach to the formation of such electrodes

involves filling the gaps between the pillars with other
materials, such as polymers or spin-on glass, and coated with
conducting layers.1,6,12,14 These materials affect the thermal,
optical, mechanical, and electrical properties in ways that
might not be desirable for certain modes of use (e.g., they
reduce the degree of bendability in mechanically flexible
devices).

Here, we describe a new strategy that combines air-gap
1D pillar superlattice (PSL) arrays with 2D graphene sheets
as top electrodes to produce an unusual type of LED, where
the graphene mounts directly on the PSL to form a freely
suspended structure. In this approach, graphene sheets
provide efficient current spreading and injection into the
active regions of the PSL for light emission, with minimal
optical absorption or reflection. These results suggest, more
generally, the potential for use of graphene-based materials
as electrodes for nonplanar or 3D optoelectronic and pho-
tovoltaic devices.

Graphene sheets, compared to transparent conducting
oxides (TCOs), possess additional attractive features, such
as unusually large mechanical strength and elasticity.14,15

Free-standing graphene sheets can be readily obtained by
several methods and techniques for transfer onto arbitrary
substrates now exist.11,15,17,18 These developments, com-
bined with the attractive intrinsic characteristics of the
materials, create opportunities to use graphene in excep-
tional circumstances where TCOs are not suitable due to
their brittleness, their requirement for direct deposition in
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vacuum and often at high temperatures, and their difficulty
in coupling to nonplanar 3D device platforms. To exploit
graphene in such applications, it is essential to control the
electrical contact properties. In PSL array and graphene
hybrid LEDs, direct contact of graphene to the inorganic
semiconductors generally leads to high injection barriers that
degrade performance and frustrate reliable operation. One
strategy to overcome this limitation involves exploiting
graphene as a deposition site for metal atoms; the graphene
in this case provides diffusion pathways to the pillar tips,19

where interfacial reactions lead to improved contact proper-
ties for appropriate metals.

Figure 1 schematically illustrates the steps for fabricat-
ing the devices. First, a vertical array of PSL structures
was fabricated from group III-V epitaxial semiconductor
layers by combining colloidal nanosphere assembly and
deep inductively coupled plasma (ICP) etching techniques

(Figure 1a). The epitaxial semiconductor layers include
Al0.25In0.5Ga0.25P/Ga0.6In0.4P (6 nm/6 nm) multiquantum
well (MQW) structures sandwiched in p-type contact-
spreader-cladding layers (GaAs-Al0.45Ga0.55As-Al0.6Ga0.4As,
50-800-30 nm) and n-type cladding-spreader-contact lay-
ers (Al0.6Ga0.4As-Al0.45Ga0.55As-GaAs, 30-500-500 nm)
grown on GaAs substrates. The semiconductor epilayers
were spin-coated with poly(methyl methacrylate) (PMMA)
and exposed to an oxygen plasma to transform the hydro-
phobic surface of PMMA into a hydrophilic surface. On the
PMMA-coated epilayers, hexagonally close-packed mono-
layers of silica spheres were deposited by a convective force-
driven self-assembly process (Figure 1a-i).20 The samples
were heated at 180 °C for 90 s to sink the silica spheres in
the PMMA layers, and then exposed to reactive ion etching
with CF4 to reduce the sizes of the silica spheres. By using
the silica sphere array embedded in PMMA as an etching

FIGURE 1. Schematic illustration of the key steps for fabricating PSL-Gr/M architectures. (a) Steps for fabricating vertical PSLs arrays: (i) self-
assembly of silica spheres on PMMA-coated semiconductor epilayers, (ii) ICP etching to produce the PSL array, and (iii) removal of silica
spheres and PMMA layers with sonication in acetone. SEM images of the samples at each step appear at the bottom. (b) Steps for fabricating
free-standing sheets of Gr/M: (i) graphene synthesis, (ii) metal layer deposition, and (iii) separation of the Gr/M sheet from the substrate. (c)
Integration of the PSL array and Gr/M followed by thermal annealing.
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mask, ICP etching in BCl3/Cl2 plasma produced the PSL array
structures (Figure 1a-ii). Etching for 90 s led to vertically
aligned cylindrical PSLs with heights of 2 µm, average
diameters of 400 nm, with smooth sidewalls (bottom of
Figure 1a-ii). The silica spheres and PMMA layers remaining
at the tips of pillars were removed by sonication in an
acetone solution (Figure 1a-iii). The detailed procedures for
fabricating vertical PSL arrays appear in the Supporting
Information (SI).

Centimeter-scale sheets of graphene were grown on Ni-
coated SiO2/Si substrates by chemical vapor deposition
(CVD), using methane (CH4) as a carbon source under a H2

and Ar atmosphere at 1000 °C (Figure 1b-i).11 The low sheet
resistance (in the range of ∼200-1000 Ω/square) and high
current carrying capability of the resulting graphene were
confirmed by current-voltage (I-V) measurements. Next,
thin layers of Ti (below 2 nm) and Au (below 2 nm) were
deposited onto the graphene via metal evaporation (Figure
1b-ii). The graphene/metal (Gr/M) sheets were then detached

from the substrates by etching the underlying SiO2 and
Ni layers (Figure 1b-iii). The freestanding Gr/M sheets were
floated on an aqueous solution and then mounted on the
pillar arrays (Figure 1c-i). Finally, thermal annealing
processes were used to improve the electrical contacts
(Figure 1c-ii).

Figure 2 shows suspended Gr/M sheets over a large area
of vertically aligned PSL arrays. The cross-sectional scanning
electron microscope (SEM) image reveals that the Gr/M
sheets contact only the tips of the pillars (Figure 2c) and
remain tightly suspended over lengths of ∼5-7 µm wide
(Figure 2d), demonstrating the robust mechanical properties
for this application.

It is noteworthy that both visible light and electron beams
can penetrate the very thin layers of Gr/M; thus, the underly-
ing pillars are clearly observed through the graphene sheets
in the optical and SEM images (Figure 2a and b). To quantify
the optical properties, Gr/M sheets were transferred onto a
glass substrate, and the optical transmittance was compared

FIGURE 2. (a) Optical images of the PSL-Gr/M architectures. (b-d) SEM images of the PSL-Gr/M architectures. The (b) top view, (c) cross-
sectional view, and (d) angle view images show Gr/M sheets suspended over a large areas with the support only of the vertically aligned
PSL arrays. The dashed line in (b) shows the boundary of a Gr/M sheets. (e) Optical transmittance spectra of Gr and Gr/M sheets on glass
substrates.
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to that of a bare graphene sheet. As shown in Figure 2e, bare
graphene sheet showed transmittances of ∼90% between
400-900 nm, corresponding to an average number of
graphene layer below 4-5 (see also Figure S1). Compared
with graphene sheet, the Gr/M sheet exhibited a transmit-
tance only ∼20% lower, thereby suggesting its possibility
for use a transparent window electrode in optoelectronic and
photovoltaic devices.

The current versus voltage (I-V) characteristics of the
PSL-Gr/M devices as a function of thermal annealing were
also investigated. As shown in Figure 3a, thermal annealing
of the device at 340 °C for 20 min resulted in a ∼9-fold
increase in the foward bias current with no noticeable
change in the reverse bias leakage current, thereby enhanc-
ing the rectifying behaviors with a forward bias (1 V) to
reverse bias (-1 V) current ratio of ∼35. The reverse bias
leakage current (∼8 µA) may result from the surface states
of the pillar or interface states with its native oxide, both of
which may be eliminated with appropriate surface treat-
ments.22 Previous studies of metal ohmic contact to p-GaAs

have shown that thermal annealing activates the interlayer
diffusion of Ti to p-GaAs, and that the resulting interfacial
reaction lowers the Schottky barrier height and reduces the
contact resistance.23 In our structures, a continuous graphene
sheet consisting of a single or a few graphitic carbon
networks can provide efficient diffusion pathways for metal
atoms. Low activation energies in the range of 0.14-0.8 eV
for diffusion of metal adatoms within the plane of graphene
sheets have been both theoretically and experimentally
confirmed,19,24,25 demonstrating that metal atoms are al-
ready highly mobile even at relatively low temperatures.
Although interplane diffusion is likely less favorable than in-
plane diffusion, the extremely thin graphene can enable the
stepwise migration of metal atoms from the top graphene
sheets to p-GaAs at a higher annealing temperature.25

Therefore, the improved I-V behavior of the PSL-Gr/M
hybrid device, especially the increased forward bias current,
can be tentatively attributed to the lowering of the Schottky
barrier arising from the thermal annealing-induced diffusion
of metal atoms to p-GaAs layers and their interfacial reac-
tions. This possibility was further clarified by investigating
the contact resistance of Gr/M on a p-GaAs epitaxial layer
(planar structures) as a function of thermal annealing (Figure
S3). The contact resistance in this case also decreased
considerably from ∼17 000 to ∼320 Ω with thermal an-
nealing, in accordance with the increasing forward current
of the PSL-Gr/M devices.

The incorporation of foreign elements into graphene
sheets may lead to the deformation of the intrinsic structure
of the honeycomb crystal lattice. Thus, the structural char-
acteristics of the graphene sheets coated with metal and
thermally annealed were characterized by Raman spectros-
copy (an excitation wavelength of 514 nm). Because pho-
toluminescence from the underlying pillar structures makes
it difficult to probe the Raman signal directly on the devices,
we used Si substrates for these measurements. Figure 3b
shows the Raman spectra of the bare graphene (black line)
and metal-deposited graphene sheets before (blue line) and
after (red line) thermal annealing. Similar to the bare
graphene, Gr/M sheets, regardless of thermal annealing,
exhibited distinct G peaks at 1580-1584 cm-1 and 2D band
peaks at 2711-2713 cm-1.26 These results, in combination
with a G to 2D band intensity ratio in the range of 1.5-2,
demonstrate that the graphene sheets remained stable
after metal deposition and subsequent thermal annealing.26

Only the disorder-induced D band (∼1350-1355 cm-1),
which has been frequently observed in sp2-bonded carbon-
based materials,27 slightly increased after metal deposition.
Previous studies have revealed that the intensity of the D
band is related to the basal plane disorder27 and thus, the
increased D band in the Gr/M sheets may represent disorders
or defects caused by the metal atoms incorporated in the
graphene sheets. However, it is noteworthy that the relative
D band intensities of the Gr/M sheets are still comparable to

FIGURE 3. (a) I-V characteristic curves of a PSL-Gr/M device (0.3
mm in length and 0.5 mm in lateral width) before and after
thermal annealing. (b) Representative Raman spectra of bare
graphene (black) and Gr/M sheets transferred onto Si substrates
before (blue) and after (red) thermal annealing (excitation wave-
length of 514 nm).
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or even lower than those of graphene sheets prepared by
CVD28 or soft chemical synthesis routes.29,30

Figure 4a and b shows a schematic illustration and a
photograph of the PSL-Gr/M devices, respectively. The bright
electroluminescence (EL) under forward bias is evident.
Although electrical contact with the Gr/M window layer was
made by using a ∼0.3 mm thick Au wire attached to a probe
tip, bright red light emission was observed from a consider-
able area (∼0.5 × 0.3 cm), where the graphene sheet
contacted the PSL array. This observation indicates that the
current was effectively spread over the suspending Gr/M
window layer. The EL spectra recorded from the forward-
biased PSL-Gr/M hybrid LEDs exhibit a dominant emission
peak at 648 nm and small shoulder peaks at 638 and 660
nm (Figure 4c), which are tentatively attributed to injected
electrons and hole recombination in the GaInP wells in the
PSLs. Compared to planar LED mesas,31 the forward bias
current density of these PSL-Gr/M hybrid LEDs is relatively
low, below 10 mA/cm2 at 3 V. We suspect that the large
density of the surface states associated with the ICP etching
step contributes to reduced current. Established passivation
procedures may eliminate these effects.22 Also, substantial
contact resistance between the Gr/M and the p-GaAs re-
mains, even after annealing. More sophisticated ohmic
metallization schemes can lead to improvements. The
graphene itself exhibits substantial resistance, thereby re-
sulting in a gradual decrease in the light emission intensity
as the distance from the Au wire increased. The electrical

property of graphene itself can also be improved with growth
techniques that allow large-area, single crystal material with
well controlled numbers of layers and low defect densities
to meet the conductivity levels required for specific applica-
tions while maintaining optical transparency.32

In conclusion, we demonstrated a type of LED that
combines free-standing 2D graphene sheets as top window
electrodes with vertical arrays of 1D PSLs. To improve the
contact properties of the graphene, we used ultrathin coat-
ings of metals. The key features of the resulting Gr/M sheets
include their exceptional mechanical properties and ex-
tremely thin nature. These properties enable suspended
Gr/M electrodes over large areas with support only from the
PSLs, and excellent optical transparency. Thermal annealing-
induced diffusion of metal atoms from the top graphene
layers to the p-GaAs contact layers improved the electrical
contact properties and, thus, enhanced the carrier injection
to the PSLs for light emission. This approach, which com-
bines the key advantages of both 1D pillar arrays and 2D
graphene sheets, might provide new design opportunities
in optoelectronic devices.
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