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The light enhancement phenomena in InGaN/GaN multi-quantum wells (MQWs) infiltrated with
metal nanoparticles (NPs) are studied using resonant and off-resonant localized plasmon interactions.
The emission and recombination characteristics of carriers in InGaN/GaN MQW structures with
inverted hexagonal pits (IHPs) are modified distinctly depending on the nature of their interaction
with the metal NPs and with the pumping and emitted photons. It is observed that the emission
intensity of light is significantly enhanced when the emission energy is off-resonant to the localized
plasmon frequency of the metal nanoparticles. This results in enhanced emission from MQW due to
Au nanoparticles and from IHPs due to Ag nanoparticles. At resonant-plasmon frequency of the Ag
NPs, the emission from MQWs is quenched due to the re-absorption of the emitted photons, or due to
the drift carriers from c-plane MQWs towards the NPs because of the Coulomb forces induced by the
image charge effect. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4884075]

Metal-semiconductor hybrid structures are increasingly
used for the enhancement of the efficiency of light emitters.
In optoelectronics, InGaN is an important component for the
production of high efficiency UV, blue, and green light emit-
ting diodes (LEDs) and laser diodes."? In order to enhance
the commercial viability of InGaN-based components, such
as white-light LEDs, the overall efficiency of the devices
must be increased.’> One method of light enhancement is to
increase the recombination efficiency of the system via cou-
pling to surface plasmons, as was demonstrated by our group
in various semiconductor light emitting material system.*°
Despite the large increase in the spontaneous emission rate,
however, surface plasmon mediated enhancement of light
emission is limited by Joule heating and non-radiative
recombination at the metal-semiconductor interface.”™

One possible way to reduce Joule heating is to utilize
localized surface plasmons (LSPs) using metal nanoparticles
(NPs)>” The presence of metal NPs on or embedded within
light emitters also facilitates the tunability of the localized
plasmon frequency compared to long range surface plasmon
frequency, which is usually fixed in case of thin film. In case
of the thin films, the dielectric constant of the metal and the
semiconductor surface characterizes the LSP energy and
thereby the upper limit of the photons energy of the emitter
that can be resonantly coupled with the plasmons. Moreover,
for monodisperse NPs, the LSP modes can have a very nar-
row bandwidth. In case of optical pumping, the incident laser
light can thereby be used to control the presence of the plas-
monic mode by tuning the frequency of the laser with respect
to the LSP energy. The light enhancement from silicon based
light emitters has been observed using silver (Ag) or gold
(Au) nanoparticles on the surface of the emitter with an
emission energy, which is significantly off-resonant to the
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plasmon frequency of the metal structures.'® Recently, it has
been reported that the presence of metal nanoparticles can yield
significant enhancement even without any coupling of the emit-
ted photons to the localized surface plasmon modes of metal
nanoparticles embedded within the active layer of a semicon-
ductor emitter. Electrostatic effects have been shown to pro-
duce off-resonant enhancement in the presence of metal NPs."!

In this communication, we study the light emission char-
acteristics of an InGaN/GaN-based multiple quantum well
(MQW) structure in both resonant and off-resonant condi-
tions by embedding Au and Ag NPs within the MQW. The
localized surface plasmon energy of metal nanoparticles
depends on the size of the nanoparticles. The LSP energy due
to metal nanoparticles is always lower than the long range sur-
face plasmon energy of the symmetric mode at the metal-
dielectric interface. GaN/Ag has a surface plasmon frequency
~3.0eV. If an InGaN/GaN quantum well emission energy is
chosen to overlap the LSP energy, a strong quantum electrody-
namical coupling between the quantum well and the surface
plasmon can take place, with an electron hole pair in the semi-
conductor spontaneously recombining and producing a surface
plasmon, instead of a free-space photon.

The InGaN/GaN MQWs studied here were grown on
sapphire (001) substrate in a metal-organic chemical vapor
deposition (MOCVD) reactor. A GaN buffer of 1 um thick-
ness was grown on the substrate at set-point temperature
1140°C. 14 periods of InGaN/GaN MQWs were then grown
at 860 °C, and then capped with GaN layer (Fig. 1(a)). Under
these growth conditions, the threading dislocation (TD) den-
sity is about 2-3 x 10° cm~2.'? During growth, strain relaxa-
tion in the alternating InGaN and GaN layers leads to the
formation of an inverted hexagonal pit (IHP) centered on the
TD. Normally, the TDs should act as non-radiative recombi-
nation centers; however, it has been known for some time
now that the TDs within IHPs do not act as such. Instead
they just reduce the active area of the quantum wells."*~'® It
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FIG. 1. Transmission electron micro

scopic image and (b) scanning electron
microscope image of metal nanopar

ticle embedded in the IHPs or V pits of
GaN/InGaN MQWs.
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was later shown by Hangleiter et al.'* that the quantum wells
are significantly narrower in dimension within the pits. The
narrower quantum wells result in an increase in the bandgap
within the pits and results in the formation of a potential barrier
that effectively shields carriers from the non-radiative recombi-
nation center at the center of the IHP.>'*> The IHPs were filled
with Au or Ag nanoparticles as shown in Figure 1. The IHPs
provide a means by which to place the NPs deep within the
MQW without damaging the structure of the quantum wells.
This close proximity of the localized plasmons to the excitons
increases not only the plasmonic interaction but also enhances
the Coulomb interaction due to image charges."’

The diameters of the implanted NPs vary from 15 to
20nm. The LSP energy of the nanoparticles depends on the
actual environment experienced by the Au or Ag NPs within
the IHPs. Due to the variation in the number of nanoparticles
in the pit and the extent of metal surface surrounded by
dielectric and air, the LSP energy spread can be fairly broad.
The LSP energy for Au nanoparticles embedded within the
IHPs has been estimated from transmission measurements
using a femtosecond continuum laser generated a white light
spectrum. The absorption range is observed to be signifi-
cantly lower than the bandedge of the multiple quantum well
and therefore does not contribute to any plasmonic interac-
tions. The pump laser (at 325nm) and the photolumines-
cence (PL) from the MQWSs do not excite or interact with
localized plasmon due to Au NPs observed at 2.0eV.
However, the LSP energy of the Ag NPs cannot be directly
estimated as it lies close to the absorption bandedge of the
InGaN/GaN MQWs. The range of LSP for Ag nanoparticles
embedded within the IHPs has been simulated using local-
ized Mie theory. For a single Ag particle, the SP energy var-
ied from 3.1eV to 3.8eV with varied particle size.'” In the
IHPs, the primary factors affecting the LSP energy are the
presence of other NPs and the ratio of surface in close prox-
imity to GaN vs close proximity to air. While the actual plas-
mon energy in this system is quite complicated to solve for,
we have estimated it by modeling the surrounding material
as an effective dielectric medium. We then take the index of
refraction to be that of a material comprised a given ratio of
GaN to air. The LSP energy for the structure is shown in
Figure 2 for Ag NPs surrounded by 50% and 75% air. The
distribution of the nanoparticles within the pits is heteroge-
neous as shown in Figure 1.

The optical characterization was performed using both
continuous-wave (CW) PL and time-resolved PL (TRPL)
measurements. For the CW measurements, a near-field

scanning optical micro-spectrometer (JASCO NFS-330) was
used in illumination-collection mode to measure the near-
field photoluminescence excited with a 325 nm HeCd laser.
As both the excitation and emission were in the near-
UV/Vis, a 120nm UV probe was selected for these measure-
ments. For the TRPL measurements, the samples were
excited by a femtosecond Ti:sapphire laser (Spectra-Physics
Mai Tai with a 80 MHz rep. rate) at 712nm doubled to
356nm. The TRPL was measured using a Streak Camera
(Hamamatsu Streak Scope C4334) with a temporal resolu-
tion of 15 ps.

Figure 3 shows the near-field PL spectra of the MQW
structures. It has been observed that, due to the IHPs, the
well width of InGaN quantum wells within the IHPs can nar-
row down from 2.5 nm to 1.2nm, while the barrier width or
the GaN thickness can reduce from 7.5 to 1.1nm.'* This
sharp drop in the thickness of the GaN spacer between the
quantum wells leads to a coupling between the quantum
wells in the IHP."> The PL spectrum for a reference sample
without any metal nanoparticles is shown in Figure 3(a). The
narrowing of the QWs results in a distinct emission at a
higher energy, which may be extracted via a Gaussian fit of
the spectra. For clarity, we will refer to the emission from
the MQW outside the IHPs as the c-plane emission or peak,
and that from within the IHP as the IHP emission. When the
structure is implanted with Au nanoparticles (Figure 3(b)), it
is observed that the emission from the c-plane MQWs is
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FIG. 2. Localized surface plasmon energy experimentally measured for Au
nanoparticles. As the LSP energy of Ag is close to band edge of the
InGaN/GaN MQWs, a simulated plot of the LSP showing the upper and
lower limit of the infiltrated Ag nanoparticle surrounded by air within pits.



242106-3 Lin et al.

(@) Empty pit ‘c-plane MQW [ ByAu Tilled pif

, c-plane MQW
~ ~f / _
=3 S L 3
S 8 o
> 2l Z
s G L IHP MQW, G
€ g [MQW PSBs / 5
£ IHP MQW EDN / <
: // E b \\ / &
28 29 30 31 32 28 29 30 31 32
Energy(eV) Energy (eV)

significantly enhanced compared to the reference sample,
and the peak emission energy is slightly blue shifted due to
the image charge effect at low temperature.'' The THP peak
emission is weak as the carriers recombine mainly through
the lower energy states, which is more efficient due to the
accumulation of charger carriers around the metal
nanoparticles.

Figure 4 shows a comparison of the far-field PL spec-
trum from the MQWs infiltrated with Au and Ag nanopar-
ticles. At room temperature (Figure 4(a)), the emission from
Ag infiltrated InGaN/GaN MQWs is lower than that of the
reference or the Au filled structure. Even at low temperatures
(Fig. 4(b)), when the non-radiative recombination rate is sig-
nificantly reduced, the PL emission intensity from the Ag
infiltrated MQWs is significantly lower than the Au infil-
trated quantum wells and is only slightly brighter than the
reference samples. The PL enhancement in case of Ag NPs
infiltrated InGaN MQW is a three step process. The first step
is the absorption of excitation photon at ~3.40eV by the
quantum well, followed by an enhancement of the light
emission from the MQWs via coupling to the resonant LSP
modes that subsequently couples to far-field radiation and
emits the photons.'® However, a fraction of the light gener-
ated within the MQWs is absorbed and a part of the gener-
ated photons are scattered by the metal nanoparticles with
plasmon frequency resonant to the emission energy of the
quantum well. In case of Au NPs, as the LSP energy is
detuned from the emission energy of the MQW, the reab-
sorption or scattering by the NP does not affect the emission
process. In case of the Au infiltrated MQWs, the process of
light emission is dictated carrier accumulation due to the
drift and diffusion of induced carrier transport from regions
away from the THP pits to the metallic structures.'’

It can also be observed from Figure 3(b) that the inten-
sity of emission from the IHP peak is significantly enhanced
compared to that of the reference sample. A comparison of
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the LSP energy plotted in Figures 2 and 3(c) shows that the
IHP emission is slightly higher compared to the plasmon fre-
quency. The photons emitted from the narrower QWs are not
absorbed by the Ag nanoparticles. Instead the electrostatic
image charge effect results in an enhancement of the high
energy emission due to increased carrier density around the
metal nanoparticles. The phonon replica of the c-plane
MQW emission is also observed to be significantly stronger
in case of resonant coupling with Ag NP induced plasmons
compared to off-resonant plasmon excitation in case of Au
NPs. The spectral curve fitting of the near-field PL emission
shows that the IHP peak emission is stronger in the presence
of Ag NPs compared to the reference MQWs without any
nanoparticles. The LSP modes due to Ag nanoparticles cou-
ple with THP emission energy at 3.07eV (405nm). This
results in an enhancement of its radiative recombination rate.
This resonant surface plasmon effect also was proven by the
time-resolved photoluminescence results presented in Fig. 5.

Figure 5 also shows a comparison of the TRPL measure-
ments for Au and Ag filled InGaN/GaN MQWs. It is
observed that the PL lifetime of the IHP emission is shorter
for Ag samples compared to the reference InGaN MQWs
(Fig. 5(a)). This is a signature of plasmonic coupling®’ and
is caused by the enhancement of the spontaneous emission
rate. The Au filled InGaN/GaN quantum wells, on the other
hand, show a longer recombination time compared to the ref-
erence sample. This longer PL lifetime is due to the drift and
diffusion time required for the accumulation of carriers
around the metal NPs within the IHPs'' and is a signature of
the image charge effect.

A comparison of the PL lifetimes as a function of energy
shows that the decay time in the c-plane MQWs is signifi-
cantly longer for the Au-infiltrated MQWs compared to the
reference samples (Fig. 5(a)). The difference in PL lifetime
is observed to be more significant for the emission from IHP
QWs. This significant difference for Au filled IHP MQWs is
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FIG. 4. Far field photoluminescence
emission from InGaN/GaN MQWs
samples at (a) low temperature 77K
(b) room temperature 300 K.
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due to the potential barriers caused by narrowed QWs. The
narrowing in IHPs results in graded index potential well'®
due to which the threading dislocation act as a sink for car-
riers. It hinders the carrier concentration from increasing sig-
nificantly within the IHP QWs. Therefore, there is a lack of
enhancement of the IHP emission due to emission due to the
image charge effect in Au infiltrated InGaN/GaN MQW
samples. In the case of the Ag-infiltrated MQWs, however,
the lifetime is always shorter compared to the reference sam-
ple due to resonant surface plasmon mediated spontaneous
emission in resonantly coupled InGaN/GaN or Au metal
infiltrated MQW systems.” The onset of the LSP-induced
spontaneous emission is significantly faster than the drift and
diffusion induced electrostatic image charge effect. It leads
to the dominance of plasmonic induced carrier recombina-
tion process at the resonance. IHP emission enhanced by
LSP coupling in Ag infiltrated MQW is relatively more than
in Au infiltrated MQWSs due to off-resonant image charge
effects.

In conclusion, we have studied the effects of resonant
and off-resonant enhancement in an InGaN/GaN MQW sys-
tem. It is observed that in case of resonant localized plasmon
interaction, the recombination process is dominated by the
modification of spontaneous emission by the plasmon
modes. In the case of NPs being off-resonant with the QW,
the emission is dominated by the image charge effect which
is due to carrier accumulation. As the time for drift and diffu-
sion of carriers in InGaN is significantly slower than the sur-
face plasmon induced radiative recombination process, the
electrostatic effects in this system is dominated by plasmonic
effect for resonant interaction. By utilizing the fast response
of resonant plasmon effects and the carrier accumulation due
to the drift and diffusion process at off-resonant frequencies,
the image-charge effect and localized plasmon-exciton
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coupling effects can be combined to enhance the efficiency
and performance of metal-semiconductor photonic devices.
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