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Abstract
The enhancement of white light emission from quantum-dot-coated InGaN light-emitting
diodes (LEDs) via localized surface plasmon (LSP) resonance of metallic nanoparticles
(MNPs) is investigated and demonstrated. With liquid-immersion laser ablation of metals,
MNPs with a broad range of dimensions were synthesized in a single process. Since the LSP
resonant wavelength depends strongly on the dimensions of MNPs, enhancement over a wide
range of wavelengths in the visible spectrum is expected. MNPs of Ag, Au, Cu, Ni and Ti
were experimented on. It is found that all MNPs result in an increase in the luminous flux and
luminous efficacy of the quantum-dot-coated LEDs, with Ag NPs having the strongest effect
(17.9%) amongst all metals tested. This observation is explained in terms of the resonance of
the polarizability of the MNPs.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In the development of general lighting and backlight
technology for full-colour displays, there has been intensive
research on polychromatic white-light light-emitting diodes
(LEDs). Currently, most of the off-the-shelf white LEDs are
phosphor-based, whereby InGaN blue LEDs are encapsulated
within a layer of epoxy containing cerium-doped yttrium
aluminium garnet (Ce3+ : YAG) yellow phosphor [1]. The
phosphor converts part of the emitted blue photons to yellow
photons by Stokes shift, and the mixing of yellow photons with
the unabsorbed blue photons gives the sensation of whiteness.
This single-chip approach simplifies the package design and
lowers the cost when compared with the multi-chip red–
green–blue (RGB) approach. However, the absence of red
component in the spectrum of YAG-based white LED limits its
colour rendering capability. Coupled with the issues of patent
and licensing, the development of alternative technology is
desirable.

Various colour-conversion agents have been reported as
a replacement for phosphor. Fluorescent nanospheres, for
example, offer the advantages of colour rendering index
(CRI) improvement as well as the formation of ordered opal
structures to exhibit diffractive effects in the visible region

[2]. Another promising candidate, core–shell quantum dots
(QDs), has also been demonstrated for the fabrication of
colour-converted white LEDs [3]. QDs are semiconductor
nanocrystals which exhibit size-dependent band gap due to the
quantum confinement effect. Similar to YAG phosphors, QDs
are capable of converting high-energy photons to low-energy
ones by means of Stokes shift. However, the quantum yield of
QDs is much higher, often exceeding 50% [4]. White light can
be generated by coating QDs with the band gap tuned to the
green and red wavelengths on InGaN blue LEDs. Different
methods have been proposed to improve the efficiency and
colour uniformity of QD-coated LEDs [5]. In order to further
compensate for the inevitable energy loss during Stokes shift,
we propose the incorporation of metallic nanoparticles (MNPs)
over the QD layer (figure 1). When the MNPs are excited by
the electromagnetic (EM) waves from the QDs, the conduction
electrons in the MNPs oscillate in the direction of the varying
electric field. This mode of non-propagating oscillation is
called localized surface plasmon (LSP). Depending on the size,
shape and the element type of the MNPs, LSP resonance can
occur over a certain range of wavelength of the EM wave,
leading to field enhancement both inside and outside the MNPs
[6]. Increase in optical power and luminous efficacy is thus
expected.
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Figure 1. Coating of QDs and MNPs over the active region of an
InGaN blue LED chip.

Figure 2. Optical setup for liquid-immersion laser ablation.

The broadband nature of white light requires the MNPs to
also have a broad range of sizes, so that they can resonate at
different wavelengths across the visible spectrum (λ = 380–
750 nm). In this report, liquid-immersion laser ablation is
demonstrated as a process for synthesizing the MNPs of all
required sizes at a time. Compared with chemical synthesis
which involves the reduction of metal ions in aqueous solution,
liquid-immersion laser ablation can be carried out at room
temperature and only requires simple starting material. The
NPs produced can also be free from by-products, which is
also an important advantage offered by liquid-immersion laser
micromachining [7]. The concentration of MNPs can be
controlled by varying the duration of ablation. The conditions
and parameters for this process will be described in detail in
the next section.

2. Experiment

2.1. Synthesis of MNPs by liquid-immersion laser ablation

The synthesis of MNPs was performed using the optical setup
as shown in figure 2. A solid metal pellet (99.999% pure)
was placed in a low-density polyethylene (LDPE) specimen
container with 1 cm3 of 0.01M aqueous sodium dodecyl sulfate

(SDS) solution. The SDS anions, which were adsorbed by
the MNPs, caused the MNPs to be charged and prevented
the aggregation of the MNPs [8]. The beam from a third-
harmonic Nd : YAG diode-pumped solid-state (DPSS) laser
(λ = 349 nm, τFWHM = 4 ns) was focused onto the metal
pellet by a fused-silica objective lens (focal length = 70 mm)
to a spot of about 20 µm in diameter. The ablation was
performed at a pulse energy of 70 µJ and a pulse repetition
rate of 1 kHz. While keeping the laser spot stationary,
translation of the motorized XY stage allowed the focused
laser beam to be scanned over the sample surface at a speed
of 50 µm s−1. The scanning ensures that the metal surface is
uniformly irradiated and the MNPs are produced at a relatively
constant rate.

Morphological characterization of the synthesized MNPs
was performed by high-resolution transmission electron
microscopy (TEM) in a Philips Tecnai G2 20 S-TWIN TEM
system. Before examination, a drop of MNP colloid was
transferred to a copper mesh coated with an evaporated
carbon film. After drying, the copper mesh was washed
by ethanol to remove any SDS that may interfere with the
observation.

2.2. Coating of QDs and MNPs

An InGaN LED chip (λemission = 480 nm) was first die-
bonded and wire-bonded onto a 3-legged gold-plated TO can
without encapsulation. CdSe/ZnS core–shell QDs (in toluene)
of three different emission wavelengths: 525 nm (Ocean
Nanotech, λFWHM = 32 nm, 4.5 mg mL−1), 533 nm (Ocean
Nanotech, λFWHM = 34 nm, 4.4 mg mL−1) and 564 nm
(Evident Technology, 63.46 nmol mL−1) were then mixed in
a volume ratio of 1 : 1 : 1. 0.2 µL of the mixture was then
dispensed onto the indium tin oxide (ITO) surface of the
LED chip by a microlitre pipette, as shown in figure 1.
Upon drying, 0.1 µL of MNP colloid was subsequently spin-
coated over the QD layer at a rotation speed of 200 rpm.
Photometric performance was evaluated by placing the LED
operated at room temperature within a 1.5 inch integrating
sphere (Ocean Optics FOIS-1) with a 9.5 mm opening. The
sphere was fibre-coupled (fibre diameter = 400 µm) to an
optical spectrometer (Ocean Optics HR2000) whose CCD
operated at room temperature. The entire measurement system
was calibrated using a calibrated tungsten–halogen VIS–NIR
(360–2000 nm) light source.

3. Results and discussion

In our experiments, five types of metal: Ag, Au, Cu, Ni
and Ti were chosen for the synthesis of MNPs. Figure 3
shows two TEM images of Ag and Ni NPs synthesized by
liquid-immersion laser ablation. The NPs are spherical in
shape and their size ranges from several nanometres to several
hundred nanometres. Within this range of particle size,
the corresponding resonant wavelength can be theoretically
determined by calculating the polarizability αsphere of an
isolated spherical NP. This parameter derives from the
expansion of the first TM mode of Mie theory. It is applicable
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Figure 3. TEM images of MNPs: (a) Ag and (b) Ni. The MNPs are spherical in shape and have a size distribution from several nanometres
to several hundred nanometres.

Figure 4. Resonant wavelength as a function of the diameter of
spherical MNP.

to large particles when the dipole approximation breaks down
due to the retardation effect [9]:

αsphere

= 1 − (
1

10

)
(ε + εm)x2 + O(x4)(

1
3 + ε

ε−εm

)
− 1

30 (ε + 10εm)x2 − i 4π2ε
3/2
m

3
V

λ3
0

+ O(x4)
V ,

(1)

where ε = ε1 + iε2 is the complex dielectric constant of
the bulk metal, εm is the dielectric constant of the ambient
medium (taken to be air), V is the volume of spherical NP
and λ0 is the wavelength in free space. x = πd/λ0 is a
size-dependent parameter related to the diameter d. αsphere

is in general complex, and its magnitude is proportional to the
strength of dipole moment induced in the NP. ε is related to
the optical constants n and κ (extinction coefficient) of a metal
by the following relations: ε1 = n2 − κ2, ε2 = 2nκ . All the
optical constants used in the evaluation of (1) are extracted
from [10, 11]. The resonant wavelength is the wavelength
where the maximum of |αsphere| occurs.

Figure 4 shows the dependence of resonant wavelength
on the diameter of the MNPs from d = 1 nm to d = 200 nm.

It is observed that the resonant wavelength of Ag lies
predominantly in the violet and blue regions of the visible
spectrum (380 nm–475 nm) for d < 140 nm, and it crosses
into the green region for d > 140 nm. On the other hand, Au,
Cu, Ni and Ti resonate mainly in the green and red regions
(495 nm–750 nm). All MNPs show red shift in the resonant
wavelength as the particles grow larger in size. Based on this
theoretical prediction, it is expected that a certain degree of
LSP resonance can occur when the MNPs of these five metals
are applied to the QD-coated LED.

Figure 5 shows the electroluminescence (EL) spectra
collected immediately after the addition of QDs (black curves)
and after the coating of MNPs (red curves). Each EL
spectral curve was obtained by averaging three runs of
measurements. The five black curves are slightly different as
five different LED chips were used for the set of experiment,
and there are inevitably minor variations in the QD coatings.
Nevertheless, as our comparison is based on the difference
between the absence and presence of MNPs on the same
chip, the difference in luminescence across the chips does
not affect the results. From figures 5(a)–(e), it is observed
that the spectral peaks occur at 480 nm, 542–544 nm and
578–580 nm. Table 1 lists the percentage enhancement of the
three spectral peaks determined from the EL spectra due to
the MNPs.

Amongst the five metals used, Ag NPs produce the most
significant enhancement to all the three spectral peaks. There
are two main reasons for this phenomenon. In addition to
possessing a wide distribution of sizes, Ag NPs also possess the
largest magnitude of polarizability at resonance amongst the
five metals, as illustrated by the blue curve in figure 6. A large
value of |αsphere| implies a strong dipole moment being induced
within the MNP, which in turn causes a stronger electric field
distribution both inside and outside the MNP. In the case of
Au, it is seen that there is almost no enhancement for the
480 nm peak, but a significant amplification is found for the
peak between 542 and 544 nm. This result correlates with our
prediction on the resonant wavelength of Au. From figure 6,
since the value of |αsphere| for Au NPs is the second largest
among the five metals, substantial enhancement of the second
spectral peak is observed. For Cu, although its polarizability
at resonance is not low compared with Ag and Au, it is not
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Figure 5. EL spectra before (black curves) and after (red curves) the addition of MNPs. Ag NPs produce the strongest peak enhancement.

Table 1. Percentage enhancement of the three peaks in the EL
spectra after the addition of MNPs.

λ = 480 nm λ = 542–544 nm λ = 578–580 nm

Ag 15.46% 26.77% 16.01%
Au 2.43% 24.44% 11.00%
Cu 8.36% 12.16% 10.76%
Ni 7.41% 14.20% 10.95%
Ti 6.00% 10.05% 6.82%

able to enhance the peaks as strongly as those two noble
metals. This can be understood from the fact that the resonant
wavelength of Cu stays constant at λ = 590 nm for a wide
range of particle sizes. There is little overlap between the
emission peaks of QDs with the polarizability peaks of Cu
NPs. For Ni and Ti, although their resonant wavelength also
lies within the visible spectrum (see the cyan and magenta
curves in figure 4), |αsphere| at resonance is much smaller than
that of Cu, Au and Ag. Therefore their effect on the three
peaks is not prominent. The emission enhancements lead to the
following percentage increase in luminous flux and luminous
efficacy from the LEDs: 17.90% (Ag), 10.65% (Au), 10.37%
(Cu), 10.94% (Ni) and 7.50% (Ti). The luminous efficacy
was obtained with the following steps: (i) obtain the luminous
flux reading L as measured by the spectrometer; (ii) obtain
the dc current (I = 20 mA) and the voltage V from the dc
power supply; (iii) calculate the luminous efficacy by L/(IV).
For each QD-coated LED, the current applied before and after
the addition of MNPs was the same. There was also no change
in the corresponding input voltage.

Figure 6. Variation of the magnitude of polarizability at resonance
as a function of the diameter of spherical NP. Ag has the largest
polarizability among the five metals over a wide range of diameter.

4. Conclusion

The enhancement of white-light emission by the interaction
of QDs and MNPs has been demonstrated. Owing to the
broad size distribution of NPs generated from the laser ablation
of metal pellet in aqueous SDS solution, broadband LSP
resonance can be achieved. The NPs of Ag, Au, Cu, Ni and Ti
have been experimented on . It is found that Ag NPs produce
the strongest enhancement on the spectral peaks within the blue
and yellow-green range, and hence a boost of luminous efficacy
by 17.90%. Nevertheless, the other MNPs can still enhance
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the emission by 7–10%. These results indicate a promising
way of improving the luminous efficacy of QD white LEDs.
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