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We studied GaN-based optoelectronic devices such as light-emitting diodes (LEDs) and solar cells

(SCs) with graphene electrodes. A decoration of Au nanoparticles (NPs) on multi-layer graphene

films improved the electrical conductivity and modified the work function of the graphene films.

The Au NP-decorated graphene film enhanced the current injection and electroluminescence of

GaN-based LEDs through low contact resistance and improved the power conversion efficiency of

GaN-based SCs through additional light absorption and energy band alignment. Our study will

enhance the understanding of the role of Au NP-decorated graphene electrodes for GaN-based

optoelectronic device applications. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4737637]

Graphene has been studied extensively as a promising

electrode material in organic and inorganic optoelectronic

devices, including light-emitting diodes (LEDs) and solar

cells (SCs), due to its transparency, high conductivity, flexi-

bility, low cost, and large-scale manufacturing properties.1–4

To date, significant efforts have been dedicated to the devel-

opment of highly conductive graphene films using several

strategies, such as sophisticated synthesis processes of gra-

phene, functionalization of the graphene surface, and fabri-

cation of graphene-based nanocomposites.5–11 For example,

the reduced graphene oxide coated with conjugated polymers

can improve its contact property through increasing the

effectiveness of charge transport.1,12,13 In particular, the

combination of metal nanoparticles (NPs) and graphene is

interesting because metal NPs (e.g., Pt, Au, Ag, Al, and Cu)

can modify graphene as p- or n-doping. Furthermore,

because light scattering is dependent on the size and concen-

tration of the NPs, NPs can be used to alter the optical prop-

erties of graphene film. Benayad et al.8 reported that treating

graphite oxide with Au NPs enhanced its electrical properties

with high transparency and work function controllability for

efficient energy band alignment. After decorating graphene

oxide films with an Au NP concentration of 20 mM, the sheet

resistance had decreased by 53.9% and the work function

had increased to 4.9 eV from 4.2 eV. More recently, Chan-

dramohan et al.14 reported a reduction in the specific contact

resistance of GaN-based LEDs using multi-layer graphene

(MLG) doped with Au NPs and a thin Au metal interlayer.

However, additional thin Au interlayer and thermal anneal-

ing process may interrupt the Au NP-induced enhancement

of the LED output power. Thus, we focused on the role of

Au NP in decorating MLG electrodes using GaN-based opto-

electronic devices, such as LEDs and SCs. The light scatter-

ing caused by Au NPs reduces the light emission efficiency

in the LEDs but enables the SCs to absorb more light energy.

Thus, the applied concentration of Au NPs on MLG films

ultimately affects the performance of LEDs and SCs.

In this study, we used MLGs that were synthesized with

the chemical vapor deposition (CVD) method and treated

with two different AuCl3 solution concentrations (5 mM and

20 mM). Hereafter, the MLGs that were treated with 5 mM

and 20 mM AuCl3 solutions are referred to as “5 mM AuCl3-

MLG” and “20 mM AuCl3-MLG,” respectively. The Au

NP-decorated MLGs were applied and investigated as trans-

parent conductive electrodes for the GaN-based LEDs and

SCs consisting of multi-quantum-well (MQW) structures.

Graphene films were synthesized with the CVD method.

First of all, we deposited polycrystalline Ni films (with a

thickness of 300 nm) onto SiO2/Si substrates and then trans-

ferred these films into a CVD chamber for metal catalytic

graphene growth. The Ni-deposited substrates were heated to

900 �C under a 150 sccm flow of 4% H2 in an Ar gas mixture

at ambient pressure. The graphene was then grown after add-

ing 5 sccm of CH4 gas to the flow for 5 min. After the gra-

phene was grown, the substrate was rapidly cooled to room

temperature to prevent the formation of thick multi-layer

graphene. Finally, the CVD-grown MLG was released from

the Ni layer on the substrate by etching in an aqueous iron

chloride (FeCl3) solution. Then, the MLGs were immersed

into the aqueous AuCl3 solution with Au NPs at concentra-

tions of 5 and 20 mM. By applying the Au NPs to the MLG,

the work function of the MLG could be controlled and its

electrical conductivity could be improved. After treatment
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with the Au NPs, the MLGs were transferred onto GaN-

based LEDs and SCs.

The GaN-based LEDs and SCs were prepared using

metalorganic chemical vapor deposition (MOCVD) on a

c-plane (0001) sapphire substrate. An undoped GaN layer

and n-GaN layer both with a thickness of 2 lm were grown

at 1020 �C on a GaN nucleation layer. The MQWs consisting

of periodic undoped InGaN wells and GaN barriers were

then grown at 800 �C, followed by the growth of a p-GaN

layer with a thickness of 200 nm at 980 �C. A p-GaN layer

was etched through an inductively coupled plasma (ICP)

etching process until the n-GaN layer was exposed. After the

MLG was transferred to the p-GaN layer, the MLG in the

n-contact electrode regions was selectively removed by pho-

tolithography and reactive ion etching methods. Finally, an

n-contact electrode (Cr/Au) was deposited on the n-GaN

layer, and the photoresist was removed. The MLG acted as a

p-contact transparent conductive electrode.

We investigated the properties of Au NP-decorated

MLG electrodes using various tools; the results of this inves-

tigation are summarized in Fig. 1. To verify the energy levels

of the Au NP-decorated MLG films, UV photoelectron spec-

troscopy (UPS) measurements (Fig. 1(a)) were performed

using the He I photon line of a He discharge lamp under

ultra-high vacuum conditions. The work function (U) can be

determined from the secondary electron threshold energy as

U¼ h� – (EF – Ecutoff), where h� is the photon energy of the

excitation light (21.2 eV), EF is the Fermi level (21.2 eV),

which is calibrated by the Fermi level edge of an evaporated

Au film shown on the right plot of Fig. 1(a), and Ecutoff is the

inelastic high-binding-energy cutoff. Ecutoff is extracted

using a linear extrapolation of the high-binding-energy cut-

off region of the UPS spectra. From Fig. 1(a), the Ecutoff of

the as-grown MLG films was determined to be �4.42 eV,

resulting in a work function of 4.42 eV, which is similar to

that reported in our previous studies and other literature.7,15

The work functions of the 5 mM AuCl3-MLG and 20 mM

AuCl3-MLG were increased to 4.77 eV and 5.12 eV, respec-

tively, indicating that the increase of the work function of

the Au NP-decorated MLG is related to the charge (electron)

transfer from the MLG to the Au NPs.8,16,17

Raman spectroscopy was used to analyze the synthe-

sized MLG films and to study the doping effects of the

charge transfer between dopants and carbon materials, pro-

viding evidence of the charge carrier density increase.18 As

shown in Fig. 1(b), the Raman spectra of the graphene film

had three major peaks, including the D peak at �1350 cm�1

(Fig. 1(b) left), G peak at �1580 cm�1 (Fig. 1(b) middle),

and 2D peak at �2700 cm�1 (Fig. 1(b) right). These peaks

were shifted upwards or downwards by the dopants, provid-

ing substantial evidence for the increased density of the charge

carriers, similar to the previously reported doping effects in car-

bon nanotubes.10,19 From the intensity ratio of the G and 2D

peaks, the CVD-synthesized MLGs typically have multi-layer-

type Raman features (G peak intensity >2D peak intensity).

Furthermore, the D peak increased slightly after incorporating

the Au NPs onto the MLG films, indicating the formation of

disorder or defects, as induced by the Au NPs. Furthermore, the

G and 2D peaks of the Au NP-decorated MLG films shifted

upwards when compared with those of the as-grown MLG sam-

ples due to changes in the charge carrier density. Here, elec-

trons were transferred from the graphene to the Au NPs,

indicating a hole-doping effect in the graphene.

To apply the Au NP-decorated MLG films as transparent

conductive electrodes for optoelectronics, we investigated

the optical transmittances and sheet resistances of three types

of MLGs. As expected, the MLG with high-density Au NPs

yielded a lower transmittance. The optical transmittances

shown in Fig. 1(c) were approximately 89, 85, and 78% at a

400 nm wavelength for the as-grown MLG, 5 mM AuCl3-

MLG, and 20 mM AuCl3-MLG, respectively.

To confirm the carrier density and electrical conductiv-

ity of the MLGs, we performed the van der Pauw four-probe

method using a Hall measurement.20 Figure 1(d) shows the

sheet resistances and hole-carrier densities of the three types

of MLGs. An inversely proportion relationship between

the sheet resistance and hole-carrier density as a function

of the Au NP concentration was observed. The sheet resis-

tances and hole-carrier densities were 1000 6 98 X/h

and (9.6 6 2.9)� 1012/cm3 for the as-grown MLG, 203 6 37

X/h and (9.5 6 4.0)� 1013/cm3 for the 5 mM AuCl3-MLG,

and 105 6 7 X/h and (2.4 6 0.4)� 1014/cm3 for the 20 mM

AuCl3-MLG, respectively. Figure 1(d) was obtained after cal-

culating the statistical averages and standard deviations of

9–12 different MLGs at each Au NP concentration. The trans-

mittance and sheet resistance results indicate that high-density

Au NPs not only induce a lower resistance but also induce a

lower level of transparency in the MLG films. In addition, by

using transmission electron microscope (TEM), we investi-

gated the structural properties of MLG films and found they

had multi-layer features (�9 layers) with an interlayer dis-

tance of 3.9 6 0.1 Å (see the supplementary materials).28

Regarding the analyses of the Au NP-decorated MLG,

we fabricated the GaN-based LEDs and SCs with Au NP-

decorated MLG instead of indium tin oxide (ITO) and inves-

tigated the role of Au NPs on MLG electrodes for both of the

optoelectronic devices. Figure 2(a) shows the schematic

illustration of the GaN-based LED with an MQW configura-

tion. Detailed information on the device fabrication is

FIG. 1. (a) UPS spectra of the MLG films (as-grown MLG, 5 mM AuCl3-

MLG, and 20 mM AuCl3-MLG) with different Au NP concentrations. (b)

The Raman spectra and (c) transmittance characteristics of the MLGs (as-

grown MLG, 5 mM AuCl3-MLG, and 20 mM AuCl3-MLG). (d) The sheet

resistance and hole-carrier density measured using the Hall method.
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provided in the supplementary materials.28 Figure 2(b) shows

the plan-view scanning electron microscope (SEM) images

(right upper inset in Fig. 2(b)) and a cross-section TEM image

(right lower inset in Fig. 2(b)) of a GaN-based LED with

20 mM AuCl3-MLG. The number density of the Au NPs was

found to be �1.1� 109/cm2 and the surface area coverage

was �3.5% for the 20 mM AuCl3-MLG, estimated from SEM

images (see the supplemental materials28). The insets in Fig.

2(b) clearly show the Au NPs formed on MLG and the peri-

odic MQWs. Furthermore, TEM energy-dispersive x-ray

spectroscopy (EDX) mapping of the GaN-based LED was

performed to confirm the elemental composition of the

MQWs (Fig. 2(c)). The undoped InGaN wells were well-

separated and periodically constructed for the efficient recom-

bination of the electron-hole pairs.

Figure 3(a) shows the I–V characteristics of the resulting

MLG-electrode GaN-based LEDs. The forward voltages

measured at 0.4 mA were 4.73, 3.94, and 3.86 V for the

GaN-based LEDs with the as-grown MLG, 5 mM AuCl3-

MLG, and 20 mM AuCl3-MLG, respectively. The lower for-

ward voltage can be attributed to the low resistive contact

and small work function difference between the 20 mM

AuCl3-MLG and p-GaN, forming a high current injection in

the MQWs.21,22 These results can be explained with the elec-

troluminescence (EL) spectra at the 400 nm wavelength in

the near-UV range as a function of the injection currents,

which vary from 50 lA to 500 lA in increments of 50 lA, as

shown in Fig. 3(b). The EL intensity increased with the

injection current, and the EL peak position did not shift

noticeably, indicating that the MLG acted as a p-contact

electrode in the GaN-based LEDs in a suitable manner. How-

ever, the injection current of the MLG-electrode GaN-based

LEDs was less than that of the ITO-electrode GaN-based

LEDs.23,24 The EL intensity of the GaN-based LEDs with

the 5 mM AuCl3-MLG at 500 lA increased by 93.8% and

28.7% when compared to that of the GaN-based LEDs with

the as-grown MLG and 20 mM AuCl3-MLG, respectively

(Fig. 3(c)). Although the 20 mM AuCl3-MLG showed higher

electrical conductivity than the 5 mM AuCl3-MLG, the GaN-

based LEDs with the 20 mM AuCl3-MLG exhibited a lower

EL intensity. This is due to the difference in surface cover-

age of Au NPs which is 0.29% and 3.47% for 5 mM AuCl3-

MLG and for 20 mM AuCl3-MLG, respectively, leading to

reduce the transmittance of Au NP-decorated MLGs as

shown in Fig. 1(c). To more distinctly compare the light

emission, we integrated the EL intensity as a function of the

injection current, as shown in Fig. 3(d). The integrated EL

intensity of the GaN-based LEDs with 5 mM AuCl3-MLG

was 27.4% higher than that of the GaN-based LEDs with

20 mM AuCl3-MLG when measured at 500 lA. The decrease

in the integrated EL intensity can be attributed to the poor

transmittance and light scattering resulting from the high-

density Au NPs. By optimizing the concentration of the Au

NPs for electrical conductivity and transparency, the current

injection and light emission efficiency of the MLG-electrode

GaN-based LEDs may be further enhanced.

The light scattering effect by high-density Au NPs in the

MLG could reduce the light emission efficiency of GaN-

based LEDs; however, the light harvesting efficiency of

GaN-based SCs could also be enhanced. Zhu et al.25 reported

that nanotube-based dye-sensitized SCs had higher light

harvesting efficiencies due to light scattering effects. We

also investigated the transparent, conductive, MLG-electrode

GaN-based SCs. The structure and composition of the

MQWs and the fabrication process of the GaN-based SCs

were identical to those of the GaN-based LEDs (Fig. 2(a)).

Figure 4(a) shows the current density-voltage (J–V) charac-

teristics of the resulting MLG-electrode GaN-based SCs

under AM 1.5 G irradiation by a solar simulator with an irra-

diation intensity of 100 mW/cm2. The best performance was

achieved using the GaN-based SCs with the 20 mM AuCl3-

MLG. Specifically, the optimal parameters obtained for the

GaN-based SCs with the 20 mM AuCl3-MLG were a short-

circuit current (JSC) of 0.67 mA/cm2, an open-circuit voltage

(VOC) of 2.25 V, and a fill factor (FF) of 0.77. These values

yielded a peak-to-correlation energy (PCE), ge¼ JSCVOCFF/Pinc

FIG. 2. (a) Schematic illustration of MLG-electrode GaN-based LED de-

vice. (b) A plan-view SEM image of a GaN-based LED device. The insets

show an SEM image of the MLG with Au NPs (top) and a TEM image of

the multiple quantum wells (bottom). (c) A magnified TEM image and the

EDX mapping of the MQWs.

FIG. 3. (a) I-V curves of the GaN-based LEDs with as-grown MLG, 5 mM

AuCl3-MLG, and 20 mM AuCl3-MLG. (b) The EL intensity of the MLG-

electrode GaN-based LEDs as a function of the injection currents. (c) The

EL intensity of the MLG-electrode GaN-based LEDs measured at 500 lA.

(d) The integrated EL intensity of the MLG-electrode GaN-based LEDs as a

function of the injection current.
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(here, Pinc is the intensity of the incident light), of 1.2%. The

PCE value (1.2%) of the GaN-based SCs with the 20 mM

AuCl3-MLG was larger than that of the GaN-based SCs with

as-grown MLG (0.9%) due to the increases in VOC and JSC.

Furthermore, the JSC value (0.67 mA/cm2) of the GaN-based

SCs with the 20 mM AuCl3-MLG was greater than that of the

GaN-based SCs with the as-grown MLG (0.51 mA/cm2). The

increase in JSC can be explained in terms of the improved

electrical conductivity and light absorption induced by the

Au NPs in the 20 mM AuCl3-MLG. Furthermore, VOC

increased slightly due to the lower energy level offset

between the 20 mM AuCl3-MLG and p-GaN layer compared

to that between the as-grown MLG and p-GaN layer. As

shown in Fig. 1(a), the work function of the 20 mM AuCl3-

MLG shifted from 4.42 eV to 5.12 eV, indicating that the

20 mM AuCl3-MLG with a high work function facilitates a

better band energy alignment for the transport of dissociated

holes to the p-contact electrode.26,27 The performance param-

eters for the MLG-electrode GaN-based SCs are statistically

summarized in Table S1 in the supplementary materials.28

Figure 4(b) displays the external quantum efficiency

(EQE) as a function of the excitation wavelength for the

MLG-electrode GaN-based SCs. The three major factors for

improving the EQE in GaN-based SCs are the following: (1)

the light absorption should be enhanced with a conductive

transparent p-contact electrode as a current spreading layer;

(2) the thickness and period optimization of the MQWs should

maximize the photo-generated electron-hole pairs and mini-

mize other detrimental effects due to the high In content in

InGaN alloys; and (3) the InGaN alloys should have a good

crystalline quality, which is a remaining issue in this research

field. In this study, by applying Au NPs on MLG, light scatter-

ing occurred and increased the EQEs of GaN-based SCs. The

GaN-based SCs exhibited a maximum EQE of 28% at 380 nm

and 5% at 435 nm, i.e., light absorption occurred within a

range of 350 to 450 nm. Despite the lower transmittance of

the 20 mM AuCl3-MLG, the EQE of the GaN-based SCs with

the 20 mM AuCl3-MLG was larger than that of the GaN-

based SCs with the as-grown MLG due to the efficient light

absorption resulting from the light scattering by Au NPs.

In summary, we investigated Au NP-decorated MLG

electrodes for GaN-based LEDs and SCs. The Au NPs

increased the conductivity and light scattering of the MLG

films and changed their work function. These effects of the

Au NPs on the MLG films improved the current injection

and electroluminescene of the LEDs and the power conver-

sion efficiency of the SCs. The light scattering of the

high-density Au NPs on the MLG films increased the light-

harvesting efficiency of the GaN-based SCs but reduced the

light emission efficiency of the GaN-based LEDs. This study

provides useful insights in terms of the role of Au NP-

decorated graphene electrodes for GaN-based and other

types of optoelectronic device applications.
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