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Enhanced light emission from InGaN/GaN quantum wells by using
surface plasmonic resonances of silver nanoparticle array∗
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The effect of silver nanostructures prepared by nanosphere lithography on the photoluminescence (PL) properties
of blue-emitting InGaN/GaN quantum wells (QWs) is studied. Arrays of silver nanoparticles are fabricated to yield a
collective surface plasmonic resonance (SPR) near to the QWs emission wavelength. A large enhancement in peak PL
intensity is observed, when the induced SPR wavelength of the nanoparticles on the QWs sample matches the QWs emission
wavelength. The study proves that the SPRs could enhance the light emission efficiency of semiconductor material.

Keywords: light-emitting devices, photoluminescence, metallic nanoparticle, nanosphere lithography

PACS: 85.60.Jb, 78.55.–m, 78.67.Bf , 81.16.Nd DOI: 10.1088/1674-1056/23/12/128504

1. Introduction
The InGaN/GaN quantum well (QW) blue light-emitting

diode (LED) has been extensively studied due to its applica-
tion in white-light source, and a great improvement in light
emission efficiency has been achieved. However, to compare
with other white-light sources, its efficiency still needs to be
further improved. So, lots of methods have been proposed to
enhance the light emission efficiency. Among these methods,
surface plasmon (SP) has the ability to enhance the internal
and external quantum efficiency, which has attracted much at-
tention. Basically, the SPs, including surface plasmon polari-
ton (SPP) and localized surface plasmon (LSP), are the collec-
tive oscillations of free electrons localized at a metal/dielectric
interface.[1–3] When the SP evanescent field overlaps the QW
in space and spectrum, the fast energy transfer from carriers
to the SPs will occur. Then, through the new emitting path,
the rate of spontaneous emission would be increased.[4] Fur-
thermore, the SPs can effectively radiate into photons and pro-
vide another emission channel when the momentum of the SP
matches that of a photon. Therefore, this behavior has the
potential applications in increasing the internal and external
quantum efficiencies of the InGaN/GaN QW LEDs.[5–9]

In such a coupling mechanism, one of the key factors
for effective light emission enhancement is the close match-
ing between the emission wavelength and the surface plas-
monic resonances (SPRs) wavelength.[10] Hence, much ef-
fort has been made to satisfy the matching condition, such as
changing different kinds of metals and nanostructures.[11–20]

In most cases, specific metal represents a corresponding reso-

nance wavelength. Once a kind of metal is selected, the metal
nanostructure is important to control the matching. Recently,
the uses of the design and preparation of metal nanostructures
to effectively couple energy between the SPRs mode and the
QWs were widely reported.[10–12,16–18] For instance, the silver
(Ag) nanostructures could be formed through the deposition
of a thin layer of Ag followed by thermal annealing,[10,16–18]

in which the dimension of nanoparticles was determined by
the thickness of the Ag thin film. However, the dimensions of
nanoparticles obtained are random in general. So, it is still a
challenge in obtaining a well-defined metal nanostructure over
a large region using economic techniques.

In this paper, we demonstrate that the use of Ag nanos-
tructures formed by the nanosphere lithography technique on
the top of an InGaN/GaN QWs can enhance the light emis-
sion. By controlling the dimensions of the nanoparticles, Ag
nanoparticles can be formed and induce LSP of resonance
wavelength near to the QWs emission wavelength. Then, the
PL intensity becomes stronger. This method can effectively
realize the energy matching between the bandgap energy of
the QWs and the resonance energy of LSP. Besides, compared
with conventional nanofabrication techniques, such as electron
beam lithography and nanoimprint lithography, this method of
nanosphere lithography can largely lower the cost.

2. Experimental methods
As shown in Fig. 1, the InGaN/GaN QWs samples

were prepared to demonstrate the emission enhancement
through SPRs–QWs coupling. They were grown on a 2-inch
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(1 inch = 2.54 cm) sapphire substrate by metal–organic chemi-
cal vapor deposition (MOCVD). After the growth of a 3.5-µm
undoped GaN buffer layer and 2.3-µm Si-doped n-GaN layer,
an active layer of 3-period InGaN/GaN QWs was deposited.
Then a 10-nm undoped GaN layer was deposited on the top.
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Fig. 1. (color online) Schematic illustrations of the structure of In-
GaN/GaN quantum wells wafer and photoluminescence (PL) measure-
ment. The distance between the metal nanostructure layer and QWs is
10 nm. PL measurements are performed by exciting the QWs with a
405-nm laser and the incident angle is about 45◦, from the back of the
substrates, with collecting luminescence from backside too.

The metal nanostructures were fabricated using a
nanosphere lithography technique.[21,22] The procedure can be
seen from the schematic diagram in Fig. 2. Firstly, an ordered
monolayer of polystyrene (PS) spheres with 450 nm in diam-
eter was formed on the undoped GaN layer.[23,24] Secondly, in
order to prepare the arrays of larger nanoparticles or nanohole
arrays, the sizes of nanospheres were tailored by reactive-ion
etching (RIE) with oxygen plasma, prior to deposition of the
silver. The nanospheres could be etched to a smaller diame-
ter, while maintaining the position of the sphere in the crys-
talline lattice. Finally, a 50-nm layer of Ag was deposited in
the voids between the nanospheres using an electron beam (e-
beam) evaporator. After deposition, the PS spheres were re-
moved by sonication in trichloromethane. The formed silver
monolayer nanostructures were checked by scanning electron
microscopy (SEM).

For the PL measurements, the samples were pumped on
a polished backside by a 405-nm diode laser, and the incident
angle was about 45◦. The PL was collected from the backside
using an objective lens and then analyzed via a spectrometer.

Finally, we also measured the optical transmission spec-
tra of the metal nanostructures to explain PL enhancement,
which provides direct information about their plasmonic re-
sponse. The transmission spectra were measured by white
light illumination at normal incidence using unpolarized light.
To extract the transmission features that occur due to the metal
nanostructures only, all measured spectra were normalized to
the transmission of the bare GaN template on sapphire.

Fig. 2. (color online) Procedure for preparing Ag nanoparticles and
nanoholes onto the surface of InGaN/GaN QWs.

3. Metal nanostructures

By increasing the etching time, the diameters of the
nanospheres are gradually reduced, resulting in the fact that
the sizes of samples with metallic nanoparticles increase to
form nanohole arrays with a period identical to that of the par-
ticle array. Figure 3 shows the SEM images of the samples
after removing PS spheres. When the etching time is 0 s, the
nanostructure presents mostly triangle nanoparticle arrays, as
shown in Fig. 3(a). With the increase of the etching time, the
nanoparticles become connected in a “bow-tie” structure, as
shown in Fig. 3(b). With the further increase of the etching
time, the nanoparticles merge together and become a “rough”
nanohole array, as shown in Fig. 3(c). When the etching time
is 17 s, the metal nanostructures become an ordered nanohole
array, as shown in Fig. 3(d).

(a) (b)

(c) (d)

Fig. 3. SEM images of metal nanostructures onto the undoped GaN
layer surfaces and the scale bars are all 400 nm. (a) The triangle
nanoparticles array formed without etching the nanosphere array. (b)
The connected “bow-tie” nanoparticles array formed after etching the
nanosphere array for 7 s. (c) The “rough” nanohole array formed after
etching the nanosphere array for 13 s. (d) The ordered nanohole array
formed after etching the nanosphere array for 17 s.
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4. Spectrum measurements and discussion

In Fig. 4, we compare two PL spectra measured, respec-
tively, from an uncoated region of the QW sample and the re-
gion underneath an array of the Ag nanostructure. One can
see that with the Ag nanostructures coating, the PL spectral
peak is significantly enhanced and produces a blue-shifted
phenomenon relative to those of the uncoated region of the

QW case, and the integrated PL intensity is also signifi-
cantly enhanced. The blue-shifted PL spectral peak of the
coated sample could be interpreted by the quantum-confined
Stark effect.[17] Figure 4 also shows the dependences of mea-
sured plasmon-enhanced luminescence on Ag nanostructures
formed in different etching times. The result shows that the
greatest enhancement of PL intensity can be obtained from the
region coated with Ag triangle nanoparticles.
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Fig. 4. (color online) (a) PL spectra measured from the region underneath the triangle nanoparticles array (solid lines) and from
nearby uncoated regions (dashed lines) of the same QWs sample, (b) PL spectra measured from the region underneath the connected
“bow-tie” nanoparticles array (solid lines) and from nearby uncoated regions (dashed lines) of the same QWs sample, (c) PL spectra
measured from the region underneath the “rough” nanohole array (solid lines) and from nearby uncoated regions (dashed lines) of
the same QWs sample, (d) PL spectra measured from the region underneath the ordered nanohole array (solid lines) and from nearby
uncoated regions (dashed lines) of the same QWs sample.

In order to explain the change of plasmon-enhanced lu-
minescence spectra, the normalized optical transmission spec-
tra of the samples are shown in Fig. 5. There is a very clear
Fabry–Pérot (FP) resonance effect, and the samples are pre-
pared on a double-sided polished sapphire substrate. The ex-
istence of the FP resonance is due to the fact that the GaN
is doped in the sapphire substrate, which can be proved by
checking the oscillation period of transmission spectra. For
the metallic nanostructures, the dip of transmission spectrum
was associated with the main plasmonic resonance of the
nanostructure.[10,11,14–18,20,25] When the etching time is 0 s,
the experimental resulting structure is of Ag triangle nanopar-
ticles mainly. The proportion of nanoparticles on the surface is
small, so the transmittance is basically unchanged. This prop-

erty is supported by the transmission spectrum after filtering
the fast FP oscillations. However, the FP amplitude is rela-
tively small (around 463 nm), which means that the relatively
maximum absorption caused by the Ag triangle nanoparticles
and the LSP resonance wavelength is around 463 nm. When
the etching time is 7 s, the FP amplitude is relatively small
(around 640 nm), so the absorption of the metal nanostruc-
ture should be around 640 nm. When the etching time is 13 s,
the nanostructure mainly becomes a “rough” nanohole array
and the FP amplitude is relatively small (around 550 nm), so
the absorption of the metal nanostructure should be around
550 nm. When the etching time is 17 s, the ordered nanohole
array is formed, and the FP amplitude is relatively small com-
pared with those of the entire wavelength. In the vicinity of
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416 nm, there is a dip which should be due to the bragg-
surface plasmon polariton mode in the transmission spec-
trum of the ordered nanohole array after filtering the fast FP
oscillations.[26]
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Fig. 5. (color online) Experimental optical transmission spectra of
metal nanostructures. The fast oscillations are caused by the FP ef-
fect due to the existing GaN layer on the sapphire substrate. By filtering
the fast FP oscillations, we can obtain the smooth curves of the trans-
mission for the samples of triangle nanoparticles, connected “bow-tie”
nanoparticles, “rough” nanohole, and ordered nanohole arrays.

The following conclusions could be derived from the re-
sults and analysis. Firstly, the enhancement of the PL does
not result from the reflection of the metallic nanostructures,
because the reflectivity is the minimum and the PL enhance-
ment is highest when the QWs are coated with the Ag trian-
gle nanoparticle array. Secondly, the PL peak wavelength is
around 470 nm, and the results show that the PL will be en-
hanced most effectively when the resonance wavelengths of
metal nanostructure are close to the emission peak wavelength.
These results are in good agreement with a picture of plasmon
enhanced light emission.[10,11,14–18,20,25] In this case, when the
resonance wavelength of LSP is close to the QW emission
wavelength, energy is transferred from the carriers in the QW
to the available LSP mode via near-field electromagnetic cou-
pling. The LSP resonance mode has zero momentum and can
match the momentum of the photon, and could be effectively
radiated without experiencing any other mechanism.[18,25] As
a result, this represents another emission channel besides the
direct dipole radiation and competes with the nonradioactive
recombination processes. Furthermore, the waveguide mode
in the semiconductor could also be coupled into the SP mode
and effectively radiated into photons in this condition.[27,28]

So this method could enhance the overall quantum efficiency
of the QWs, leading to an overall increase in the measured
luminescence.

For theoretical confirmation, we perform three-dimen-
sional finite-difference time-domain simulations to calculate
the transmission and reflection, and thus obtain the absorp-
tion of the samples. Figure 6 shows the simulation results
of the samples covered with a Ag triangle nanoparticles array

and a Ag “smooth” nanohole array, respectively. We can see
that the dip (peak) wavelengths of Ag triangle nanoparticles
and ordered nanoholes in simulated transmission (absorption)
spectra are in good agreement with the dip wavelengths in ex-
perimental transmission spectra (after filtering the FP effect).
For instance, the dip wavelengths of the Ag triangle nanoparti-
cles array in simulation and experiment of the sample formed
without etching the nanosphere array are 470 nm and 463 nm,
respectively. In addition, the dips in the experiment are more
broad and flat compared with the calculated results, which re-
sults from the deviation of nanoparticles in reality.
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Fig. 6. (color online) Simulated transmission and absorption spectra of
the Ag-triangle nanoparticle array and Ag-ordered nanohole array.

5. Conclusions
In this paper, we demonstrate SP-enhanced photolumi-

nescence from InGaN/GaN QWs on sapphire with Ag nanos-
tructures prepared by nanosphere lithography. The phenom-
ena of largely enhanced PL intensity by using InGaN/GaN
QWs samples with different arrays of Ag nanoparticles and
nanoholes are revealed. When the resonance wavelength of the
Ag nanostructures is consistent with the QWs emission wave-
length, the PL of the sample will be significantly enhanced
due to the matching between the QWs bandgap energy and the
SPR energy. This result highlights the importance of prop-
erly designing the nanostructure for optimizing the lumines-
cence efficiency. In addition, we find that a relatively good
Ag nanostructure over a large region could be fabricated us-
ing the economic techniques of nanosphere lithography. The
studies prove that the SPRs can enhance the PL efficiency of
semiconductor material, and it will be a promising method for
developing highly efficient solid-state light sources.
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