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We studied the optoelectronic properties of the InGaN/GaN multiple-quantum-well light emitting diodes (LEDs) and singlejunction GaAs solar cells by introducing the luminescent Au nanoclusters. The electroluminescence intensity for InGaN/GaN
LEDs increases after incorporation of the luminescent Au nanoclusters. An increase of 15.4% in energy conversion eﬃciency is
obtained for the GaAs solar cells in which the luminescent Au nanoclusters have been incorporated. We suggest that the increased
light coupling due to radiative scattering from nanoclusters is responsible for improving the performance of the LEDs and solar
cells.
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1. Introduction
The optical properties of metal nanoparticles are of great
fundamental and technological interest due to the strong
surface plasmon resonance in the visible region. Metal
nanoparticles play an important role in mediating nonlinear processes such as surface enhanced Raman scattering,
increasing the outcoupling of light from diodes, and enhancing the photovoltaic conversion eﬃciency of solar cells [1–
7]. One explanation of the observed enhancement eﬀects
is the resonant light absorption in the metal nanoparticles,
which may be caused by local plasmon excitation and
interband transitions in the metal nanoparticles [8]. The
use of enhancement eﬀects for improving the performance
of optoelectronic devices, such as light emitting diodes
(LEDs), solar cells, and photodectors, is very promising.
It has been reported that Au nanoparticles on Si pnjunction diodes increase the photogenerated current via
surface plasmon resonance on nanoparticles [9]. An increase
in electroluminescence (EL) and photocurrent has also been

observed by introduction of Ag nanoparticles into siliconon-insulator LED [4, 5]. Similarly, enhancement of the
photovoltaic conversion eﬃciency of silicon solar cells and
organic thin-film solar cells using Ag or Au nanoparticles has
been demonstrated [6–8].
So far most of the metallic nanoparticles mentioned
above have dimensions of particles about 5–100 nm. As
the metal particle size decreases further to contain several
hundreds down to a few tens of atoms, some special
properties begin to form because their electronic bands yield
to quantum confinement eﬀects and discrete electronic states
develop. The metallic nanoclusters (small nanoparticles)
display a strong luminescence from visible to near-infrared
range, which may make them useful for applications in
light emitting sources, chemical sensing, and biological
labeling [10–13]. Recent studies have shown that similar
enhancement in surface-enhancement Raman scattering and
photoluminescence can be obtained by encapsulating metal
nanoclusters [14, 15]. Also, the conversion eﬃciency of
multiple-junction solar cells has been demonstrated to
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Figure 1: Schematic cross-section of (a) the InGaN/GaN multiple-quantum-well LEDs and (b) InGaP/InGaAs/Ge solar cells.
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increase by using Au nanoclusters [16]. In this paper, we
study the influence of the luminescent Au nanoclusters on
photovoltaic current-voltage (I-V ) characteristics and EL
of the InGaN/GaN multiple-quantum-well (MQW) LEDs
and single-junction GaAs solar cells, respectively. We obtain
increases in EL intensity of InGaN/GaN LEDs by two times
and in conversion eﬃciency of the GaAs solar cells by 15.4%.

2. Experiment
The InGaN/GaN MQW LEDs employed in this study were
grown on c-plane (0001) sapphire substrates with metal
organic chemical vapor deposition. A nucleation GaN layer
was first grown at the substrate, followed by a 3 μ-m thick
n-type GaN. The active layers consist of 5 periods of MQWs
with 4-nm-thick InGaN wells and 6-nm-thick GaN barriers.
Finally, the MQWs were capped with a 250-nm-thick p-GaN
layer. The GaAs solar cells were grown by MOCVD on ptype Ge substrates. The GaAs and InGaP buﬀer layers were
first grown at the substrate, followed by a 3 μm thick ptype GaAs base layer, 100 nm n-type emitter layer, 60 nm
AlInP window layer, and 250 nm GaAs contact layer. The
schematics of the InGaN/GaN MQW LED and GaAs solar
cell are shown in Figures 1(a) and 1(b), respectively. The
luminescent Au nanoclusters investigated were prepared
according to a modified Peng reaction [17]. In brief, the gold
precursor solution was prepared by dissolving AuCl3 in the
Didodecyldimethylammonium bromide (DDAB) solution.
Decanoic acid was then combined with (Tetrabutylammonium borohydride) (TBAB) in toluence, followed by the gold
precursor solution. The reduction of Au ions was realized
quickly under vigorous stirring, leading to the formation
of a dark-red Au colloid. The Au nanoclusters were further
fragmented by adding the gold precursor solution and
dodecanethiol (DDT) in toluene, leading to formation
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Figure 2: High-resolution transmission electron microscopy
(HRTEM) image for the luminescent Au nanoclusters. The inset
displays photoluminescence of the luminescent Au nanoclusters at
room temperature.

of the luminescent Au nanoclusters. The luminescent Au
nanoclusters were deposited onto the LED and solar-cell
surfaces by drop casting a solution of nanoclusters, followed
by drying at room temperature. In the EL measurements,
the output EL intensity from the top side was collected
and dispersed by a 0.75 m spectrometer and detected with a
photomultiplier tube (PMT). I-V characteristics of the solar
cells were measured with a source meter (Keithley-2400)
under simulated AM1.5 irradiation (100 mW/cm2 ) from a
solar simulator (WACOM, WXS-130S-L2+).

3. Resutls and Discussion
Figure 2 shows the high-resolution transmission electron
microscopy (HRTEM) micrograph of the luminescent Au
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where n is the ideality factor, k the Boltzmann constant, T
the absorption temperature, Rs the series resistance, and q
the electronic charge. By using (1), current (I) can be plotted
as a function of voltage (V ) as shown in the solid lines
of Figure 3. From the fits, Rs of the LED before and after
depositing the luminescent Au nanoclusters was found to
be 41 and 35 Ω, respectively, corresponding to an reduction
in series resistance of 14.6%. We suggest that the reduction
of series resistance in the LEDs with nanoclusters is due to
the eﬀect of surface band bending. For the Au nanocrystals
passivated by thiol ligands, the outer part (the ligand) of
luminescent Au nanoclusters is negatively charged originated
from the charge transfer from the outmost gold atoms to the
surrounding adsorbed sulfur atoms [20]. The surrounding
negative charge of Au nanoclusters can lead to a decrease of
the built-in potential on the GaN surface for carriers flow
to the metal [21]. Thus, the decrease of series resistance in
LED could be due to the eﬀect of the surface band bending.
This eﬀect also produces a change of EL energy, which will be
discussed later.
Figure 4 shows the EL spectra of LEDs before (the open
squares) and after (the solid line) the deposition of the luminescent Au nanoclusters onto the surface of LEDs. There is a
main EL peak at around 2.82 eV for the LEDs without deposition, corresponding to the emission from the InGaN wells.
The EL peak slightly shifts toward higher energy region after
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Figure 3: I-V characteristics of the InGaN/GaN multiplequantum-well LEDs without (closed triangles) and with (open
squares) deposition of the luminescent Au nanoclusters. The solid
lines display the calculated I using (1).
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nanoclusters deposited on an electron microscope grid from
colloidal solution. A uniform distribution of well-dispersed
nanoclusters is seen. The statistics of the size distribution
as determined from the previous and other micrographs
obtained from diﬀerent regions indicate an average size of
1.9 ± 0.2 nm. The inset of Figure 2 displays the roomtemperature photoluminescence spectrum from the luminescent Au nanoclusters with the 350 nm Xe-lamp excitation.
A red luminescence between 1.7 and 2.1 eV is observed with a
prominent peak at 1.9 eV. The luminescence from the metal
nanoclusters could be viewed as a radiative recombination
from an excited-state highest occupied molecular orbital
(HOMO) lowest unoccupied molecular orbital (LUMO)
transition or the Fermi level electrons to occupied d-band
holes [18, 19].
Figure 3 shows the I-V characteristics of the LEDs before
(close triangles) and after (open squares) deposition of the
luminescent Au nanoclusters. Basically, the forward and
revised I-V characteristics of the two curves are almost
identical. Nearly zero current in the reverse-biased voltage
range reveals that the leakage currents in our LEDs are low.
The threshold voltages of the two I-V curves are similar;
whereas the slope of the I-V curve is steeper for the LEDs
after introduction of the luminescent Au nanoclusters. The
increase of slope in the I-V curve corresponds to a reduction
in the series resistance, which is one of the factors that can
determine the quality of the LED performance. To extract the
series resistance of the LED, the slope of the I-V curves was
fitted by the diode equation
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Figure 4: Electroluminescence spectra of InGaN/GaN multiplequantum-well LEDs without (open squares) and with (solid line)
deposition of the luminescent Au nanoclusters.

deposition of the luminescent Au nanoclusters. The blue shift
of EL can be explained by the eﬀect of surface band bending
mentioned above. For wurtzite nitride semiconductors, the
strong polarization fields produce the built-in electrostatic
fields parallel to the polar c axis of [0001] oriented (Al,
Ga, In)N heterostructures. These electrostatic fields tend to
bend the energy band structure of quantum wells, resulting
in a redshift of transition energies (quantum-confined Stark
eﬀect) [22]. It has been reported that Au nanoparticles have
a great influence on the surface potential of p-GaN [21].
We suggest that the luminescent Au nanoclusters reduce the
surface band bending, leading to a decrease of the builtin electrostatic fields and a blueshift of EL peak, as shown
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where α is the polarizability of the particle, determined by




ε(ω)/εm − 1
α = 3V
,
ε(ω)/εm + 2

(3)

for a small spherical particle in vacuum, where V is the the
particle volume. ε(ω) is the dielectric function of the metal
nanoclusters. εm is the dielectric function of the embedding
medium. The radiative scattering eﬃciency Qrad , given by
[23]
Csca
,
Qrad =
Csca + Cabs

(4)

represents the fraction of the extincted energy that is
reradiated. According to the above Mie scattering theory,
Qrad was obtained to be 2.2, which agrees well with the EL
enhancement (∼2.1) in Figure 4. The EL enhancement can
thus be interpreted by the increased light scattering from Au
nanoclusters.
Figure 5 displays the photovoltaic I-V characteristics of
the GaAs single junction solar cells were measured under
AM 1.5 solar illumination at an intensity of 100 mW/cm2
with a WACOM (WXS-130S-L2+) solar simulator. The
dashed (solid) line represents the data without (with)
deposition of the luminescent Au nanoclusters. The opencircuit voltage (VOC ) of GaAs solar cells was almost identical
after depositing the luminescent Au nanoclusters. On the
other hand, the incorporation of the Au nanoclusters yields a
14% increase in short-circuit current (ISC ) for the GaAs solar
cells. This observation indicates that the absorption of the
incident light in the active layers is enhanced, resulting in an
increased photocurrent. The introduction of the luminescent
Au nanoclusters may produce an increase of light scattering
into the active layers in the solar cells, leading to the absorption enhancement of the incident light [16].
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in Figure 4. The EL intensity from LEDs with deposition of
clusters shows more than two times enhancement compared
to that from LEDs without the luminescent Au nanoclusters.
The above results (the decrease in series resistance and the
enhanced EL intensity) demonstrate that performance of the
LEDs can be eﬀectively improved by introduction of the
luminescent Au nanoclusters.
Recently, the enhancement of the luminescence intensity
for incorporation of metal nanoparticles has been related to
a coupling of light to metal nanoparticles, caused by local
plasmon excitation and interband transitions in the metal
nanoparticles [3–5]. We suggest that the EL enhancement
in Figure 4 can be interpreted by the increased scattering
cross-section for light exciting Au nanoclusters, leading to
the enhanced outcoupling of light from LEDs. For small
particles with diameters well below the wavelength of light,
the radiative scattering eﬃciency can be estimated from the
absorption and scattering cross-sections Cabs and Crad of the
individual particles [23]:
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Figure 5: Photovoltaic I-V characteristics of the single-junction
GaAs solar cells without (dashed line) and with (solid line)
deposition of the luminescent Au nanoclusters under AM 1.5 solar
illumination.
Table 1: Photovoltaic I-V results of the GaAs single-junction
solar cells without and with incorporation of the luminescent Au
nanoclusters. VOC is the open-circuit voltage, ISC is the short-circuit
current, FF is fill factor , and η is conversion eﬃciency.
Sample
Untreated
With Au nanoclusters

Voc (V)
0.99
0.99

Isc (mA)
5.72
6.52

FF
0.73
0.74

η (%)
16.2
18.7

Conversion eﬃciency η of solar cells from Figure 5 was
calculated according to the following equation:
η = VOC × ISC ×

FF
,
P

(5)

where P is the incident light intensity, and fill factor (FF) is
calculated by using the following equation:
FF =

(V × I)max
,
(VOC × I)

(6)

where I is the photocurrent. The obtained device parameters
for the GaAs solar cell without (with) the luminescent
Au nanoclusters on the cell surface are shown in Table 1.
The incorporation of the luminescent Au nanoclusters
yields a 13.9% (from 5.72 to 6.52 mA) increase in shortcircuit current for the GaAs solar cells. From this result,
the increase of ISC leads to a 15.4% increase in energy
conversion eﬃciency (η from 16.2 to 18.7%) for the GaAs
solar cells. To our knowledge, an increase of 15.4% in energy
conversion eﬃciency is better than the previous reports on
similar increase in energy conversion eﬃciency by using
the large-size metallic nanoparticles [6, 7]. The increase of
conversion eﬃciency can also be explained by the eﬀect
of light scattering from nanoclusters on GaAs surface. We
deduce that the absorption of the incident light in the
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absorbing layers of solar cells is enhanced due to enhanced
light scattering by the luminescent Au nanoclusters. The
observed increase in energy conversion eﬃciency in solar
cells is thus caused by the enhanced light absorption in the
absorbing layer.

4. Summary
The current-voltage characteristics and EL of the InGaN/
GaN MQW LEDs with the luminescent Au nanoclusters on
the LED surface were investigated. The EL intensity and slope
of the I-V curve were found to increase after incorporation
of the luminescent Au nanoclusters. In addition, a 13.9%
increase in short-circuit current and a 15.4% increase in
energy conversion eﬃciency (from 16.2 to 18.7%) are
obtained for the GaAs solar cells where the luminescent Au
nanoclusters have been incorporated. We suggest that the
increase of EL intensity EL of the InGaN/GaN MQW LEDs
and improvement of energy conversion eﬃciency in the
InGaP solar cells are due to the increased radiative scattering
by introducing the luminescent Au nanoclusters.
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