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Mg »Zny gO/metal nanoparticle systems

have been fabricated and

investigated. The

photoluminescence results indicate that Al and Au nanoparticles could slightly enhance the
near-band-edge (NBE) emission from Mg,,ZnggO. In contrast, a giant and tunable NBE
emission enhancement could be induced by Ag nanoparticles based on the coupling interaction
between the hybridized quadrupole plasmon in Ag nanoparticle aggregation and the excitons of
Mg, »Zn, gO. Interestingly, the intensity and position of the narrow quadrupole resonance could
be controlled by tuning the interspace gap and size of Ag nanoparticles, which was clearly
demonstrated both experimentally and theoretically. Our findings may pave the way for further
development of high-efficiency UV light-emitting devices. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4867777]

ZnO and its ternary alloy MgZnO have received much
attention due to their potential applications in the short-
wavelength optoelectronic devices such as light-emitting
diodes (LEDs) and laser diodes.'™ Till now, various ZnO-
based light-emitting devices have been reported, but their UV
emission intensity is still very weak due to lack of high qual-
ity p-type ZnO (MgZnO). To overcome this problem, most of
the studies focused on how to improve the quality of
p-Zn0O.>® However, the fabrication of high quality p-ZnO is
still a big challenge. Thus, before the breakthrough in p-type
doping of ZnO based materials, achieving a highly effective
improvement in the UV emission intensity of existing devices
is a more feasible method from the practical point of view. In
the previous reports, surface plasmons (SPs) have been
widely used to improve the emission efficiency of light-
emitting materials and devices.”'? SPs-induced emission
enhancements are usually based on the dipole resonance,
which is the most easily realized mode among the surface
plasmon resonance modes. However, most metals have plas-
monic dipole resonances at visible or IR range, and it is diffi-
cult to realize an effective UV emission enhancement due to
a large energy separation. Additionally, owing to the broad-
band feature of dipole plasmon modes, the conventional
emission enhancements always show weak wavelength con-
trollable, and some undesired enhancement is usually gener-
ated at the same time. In our previous report, a narrow-band
hybridized quadrupole resonance has been demonstrated in
the UV range in random Ag nanoclusters.'*'> Thus, a highly
controllable enhancement of UV emission is expected to be
realized by the narrow quadrupole modes.

In this letter, we report a giant UV emission enhance-
ment from Mg »,Zn, 3O induced by the random Ag nanopar-
ticles (NPs). More interestingly, this UV emission
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enhancement is highly dependent on the wavelength, which
is determined by the frequency of the narrow quadrupole
modes of Ag NPs. The extinction and photoluminescence
(PL) spectra were measured to investigate the coupling
between the quadrupole plasmons and excitons. The finite
difference time-domain (FDTD) simulations illustrated the
origin and shift of the Ag hybridized quadrupole resonance.

Ag, Al, and Au (99.99%) were evaporated onto the sap-
phire under a pressure of about 2 x 10~>Pa using a evapo-
rated technique at room temperature, subsequently, annealed
at 450°C to form metal nanostructures, N, was used to pre-
vent oxidation of the metal nanostructures during annealing.
Then, ~300 nm hexagonal Mg, ,Zn, O epilayers were depos-
ited directly on c-plane (0001) sapphire substrate with and
without metal nanostructures by metal organic chemical vapor
deposition (MOCVD) at 450°C, with the pressure of 2 X
10* Pa. Highly pure Oxygen (99.999%), diethylzinc (DEZn),
and dimethyl dicyclopentadienyl magnesium ((MeCp), Mg)
were employed as the precursors and highly pure nitrogen
(99.999%) was used as the carrier gas.

The morphology of the metal nanostructures and the
thickness of MgZnO films were characterized by a Hitachi
S4800 field-emission scanning electron microscope (FESEM).
Energy-dispersive X-ray spectroscopy (EDS) was used to
determine the composition of the MgZnO films, and their crys-
tal structure was studied using a Bruker D8 X-ray diffractome-
ter. PL signals of the samples were collected using a SPEX
1404 monochromator with a continuous-wave He-Cd laser
(325 nm) as the excitation source with the excitation density of
70 W/cm?. The extinction spectra measurement were carried
out by a Shimadzu UV-3101PC scanning spectrophotometer.

Fig. 1(a) shows the schematic structures of
MgZnO/sapphire and MgZnO/metal/sapphire. All the samples
have almost the same MgZnO layer with the thickness of
~300nm, which allows us to compare the PL efficiency
purely induced by the metal nanostructures. The EDS result

© 2014 AIP Publishing LLC
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indicated that the composition of MgZnO alloy films is
Mg,ZnygO. Fig. 1(b) shows the relationship of (ochz/)2
(where o is the absorption coefficient; / is the Planck con-
stant) as a function of energy (hv). The band gap energy of
Mgp,ZnggO alloy was determined to be ~3.6eV from an
obtained UV-visible absorption spectrum. The x-ray diffrac-
tion (XRD) result indicates that the Mgj,ZnggO films have
hexagonal wurtzite structure with c-axis preferred orientation
as shown in the inset of Fig. 1(b).

In order to investigate the effect of different metals on the
optical property of Mgg,ZnggO film, the room-temperature
PL spectra of bare Mg ,Zn 3O, Mg ,Zny sO/Ag, Mg, ,Zng g
O/Al, and Mg ,Zn,gO/Au are shown in Fig. 2(a). The UV
emission was photoexcited and measured from the top of
Mg ,ZnygO films with and without metals. For the bare
Mg ,Zn, 3O, a weak near-band-edge (NBE) emission can be
observed around 350 nm. Interestingly, the hybrid samples
showed an obvious NBE emission enhancement induced by
the metal nanostructures. The inset of Fig. 2(a) compares the
integrated PL enhancement ratio by Ag, Al, and Au nano-
structures. It can be found that the NBE emission from
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FIG. 2.(a) the PL spectra of bare Mgy,ZnysO, Mgp,ZngsO/Ag,
Mgy 2ZnggO/Al, and Mgy ,ZnggO/Au. The inset is the integrated PL
enhancement ratio of different samples; (b) the PL enhancement ratio as a
function of the wavelength. (c) Extinction spectra of Ag, Al, and Au
nanoparticles.

Mg, ,Zny 3O was enhanced 40-fold, 5-fold, and 2-fold in
MgO,ZZnoASO/Ag, Mgo_zzno_gO/Al, and Mgo_ZZno_gO/Au sam-
ples, respectively. To better understand the SPs-enhanced
NBE emission, the enhancement ratios of PL intensity as a
function of the wavelength are shown in Fig. 2(b). We find
that the enhancement ratios in the UV range for Ag sample
are very large and they are strongly dependent on the wave-
length. As for Al and Au samples, their enhancement ratios
are relatively small with weak wavelength dependence. The
giant PL enhancement of Ag sample may be derived from the
strong SPs-excitons interaction.

As is well known, a good energy match between the
light emission and SPs is the key factor to achieve giant SPs-
induced emission enhancement. To get insight in the differ-
ence of NBE emission enhancements, the extinction spectra
of Ag, Al, and Au nanostructures were shown in Fig. 2(c).
For Ag nanostructures, two extinction peaks can be clearly
observed. According to our previous work, the extinction
peaks located at visible and UV ranges of Ag nanostructures
should be assigned to the hybridized dipole and quadrupole
modes, respectively.'*'> Notably, the peak of hybridized
quadrupole modes in the UV range is very narrow. In con-
trast, only one extinction peak located at visible range can be
observed for Au sample, whereas there is no obvious peak
for Al sample. It is worth mentioning here that all the metal
nanostructures which have the similar morphology were fab-
ricated by the same process. Based on the analysis of the
extinction spectra, in Fig. 2(c) and the PL results in Figs.
2(a) and 2(b), we think that the giant PL enhancement of Ag
sample was mainly attributed to the strong quadrupoles-
excitons interaction. As for Al and Au samples, their weak
enhancements could be explained by the charge transition
between the metal and the semiconductor and the scattering
effect of the metal NPs.%!®11:13 Therefore, it can be con-
cluded that Ag nanostructure is the most promising candidate
for the highly controllable enhancement of UV emission due
to their narrow quadrupole plasmon resonance in the UV
range. And this conclusion is corresponding well with the PL
spectra in Fig. 2(a).

To further investigate the tunable enhancement of NBE
excitons from Mg ,Zn, 3O alloys by quadrupole of Ag nano-
structures, Ag thin films with various thicknesses were evapo-
rated on the sapphire substrate and then annealed to form Ag
nanostructures with different morphologies. As is shown in
the right panel of Fig. 3(a), Ag nanostructures are globoid or
ellipsoid in shape and randomly dispersed onto the sapphire
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with the average diameter of ~60, ~80, and ~100 nm, which
are labeled as Ag (S1), Ag (S2), and Ag (S3), respectively.
The left panel of Fig. 3(a) shows the extinction spectra of Ag
(S1), Ag (S2), and Ag (S3). With increasing the average diam-
eter of Ag NPs, the broad dipole resonance peak is signifi-
cantly red-shifted in the visible regime. In contrast, the
quadrupole mode with a narrow linewidth (shaded region)
could be tailored more minutely in the UV range, which will
be benefit for the highly tunable enhancement of exciton
emission from Mg »Zn, gO. Fig. 3(b) shows the PL spectra of
bare Mg ,Zny O and Mg ,ZnygO/Ag at room temperature,
and the inset compares the integrated PL enhancement ratios
of Mgy,ZnygO/Ag (S1), Mgp,ZnggO/Ag (S2), and
Mg, ,ZnygO/Ag (S3). It can be found that the NBE emission
was enhanced 37-fold, 19-fold, and 10-fold for
MgOQZnO.gO/Ag (Sl), MgO.ZZnolgO (S2), and MgO,ZZnoAgo/Ag
(S3), respectively. Ag (S1), Ag (S2), and Ag (S3) have the
similar intensity of quadrupole resonance as shown in Fig.
3(a), By comparing the PL spectra in Fig. 3(b) to the extinc-
tion spectra in Fig. 3(a), we can find that the peak shift of
NBE emission from Mg ,ZnggO shows a similar trend with
that of the hybridized quadrupole resonance with increasing
the size of Ag NPs. Thus, the difference in their integrated PL.
enhancement ratios should associate with the energy matching
between the excitons of Mg, ,Zn, 3O and the quadrupole reso-
nance of Ag. Fig. 3(c) shows the PL enhancement ratios as a
function of the wavelength for the hybrid samples, and it can
be found that the maxima of the PL enhancement ratios are
red-shifted with the increase in the size of Ag nanoparticles,
which is in good agreement with the shift of the quadrupole
resonance peaks. Interestingly, a clear peak can be observed
at ~356nm for all hybrid samples in the PL enhancement
spectra, independent of the size of Ag NPs. Thus, this peak
may be associated with the high density excitons such as
localized excitons. Additionally, comparing with the previous
reports, the PL. enhancement spectra have very narrow line
widths, indicating the excellent wavelength selectivity.7’l3

As is aforementioned, the tunable UV light enhancement
via the plasmons-excitons coupling was highly dependent on

Appl. Phys. Lett. 104, 091119 (2014)

the frequency of hybridized quadrupole resonance. To shed
light on the origin and the shift of the hybridized quadrupole
resonance in the Ag NPs, FDTD simulations were carried
out. As is well known, the spectral shape and position of the
SPs resonances in the metal nanoparticle aggregation are
highly sensitive to their size, shape, and internal gap.'®""
Fig. 4 shows the calculated extinction spectra based on the
optical constants measured by Johnson and Christy.” In Fig.
4(a), besides the dipole modes, the quadrupole resonance
peak can be clearly observed in the single sphere with the di-
ameter larger than 60 nm. With increasing the size of sphere,
the quadrupole resonance intensity becomes stronger. These
results indicate that the high order SPs modes could occur in
the isolated NPs with relatively large size due to the inhomo-
geneous distribution of electron density.'® In addition, with
increasing the sphere size, the dipole peak was significantly
red-shifted, while the quadrupole peak only showed a tiny
red shift. In Fig. 4(b), the similar phenomenon can be
observed for the single ellipsoid. Although the quadrupole
modes could appear both in single spherical and non-
spherical NPs, their intensity is too weak.

According to the previous reports, the interparticles
interaction could lead to the change in the intensity and the
location of plasmon resonance.'®™'® Considering the random
dispersion of Ag NPs in our experiment, the interaction
among the NPs should strongly affect the plasmon reso-
nance, which is sensitive to the size of the NPs and their
interspace gap. Figs. 4(c) and 4(d) showed the calculated
extinction spectra of the hetero-dimer NPs as a function of
the size and the interspace gap, respectively. In Fig. 4(c), the
extinction spectra of the dimer with a nano-sphere (diameter
d=70nm) and a nano-ellipsoid (long axis a=70-140nm
and short axis b =60 nm) were shown and the interspace gap
(g) between two NPs is 10 nm. It can be found that the quad-
rupole intensity is stronger than that of the single nano-
ellipsoid or nano-sphere with the same size in Figs. 4(a) and
4(b). In addition, with the increase in a of the nano-ellipsoid
in dimer, the dipole and quadrupole resonances become
stronger and their peaks shift to longer wavelengths. To
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FIG. 4. Extinction spectra calculated by FDTD simulation at the wavelength
of 350 nm for different conditions: (a) single nano-sphere with the diameter
d ranging from 50 nm to 90 nm; (b) single nano-ellipsoid with the long axis
of 70—-140nm and the short axis of 60nm; (c) hetero-dimer consists of a
nano-sphere and a nano-ellipsoid with the interspace gap of 10 nm. The di-
ameter of nano-sphere is fixed at 70 nm, and the nano-ellipsoid has the long
axis a of 70-140nm and the short axis b of 60 nm; (d) hetero-dimer consists
of a nano-sphere (d=70nm) and a nano-ellipsoid (a=70nm and
b=60nm) with the interspace gap of 5-50 nm.

further illustrate the coupling interaction among the Ag
aggregation, the calculated extinction spectra of the hetero-
dimer NPs (nano-sphere: d=70nm; nano-ellipsoid:
a=70nm and b=60nm) with various interspace gaps
(g =5-50nm) are shown in Fig. 4(d). With decreasing g, the
quadrupole resonance intensity increases and the Fano-like
dip became deep obviously. This trend is mainly derived
from the increase in the coupling strength with decreasing g.
Meanwhile, the frequency of the quadrupole shows almost
no change with the decrease in g, while the dipole plasmon
resonance red shifts.

In our experiment, the random Ag NPs can be qualita-
tively recognized as the collection of the dimers, although we
cannot completely exclude the contribution of the interaction
between the dimers. The experiment results in Fig. 2(a) can
be well explained by the simulation results. With increasing
the average size of the random Ag NPs, the dipole peak was
significantly red-shifted, while the quadrupole peak only
showed a tiny red shift. In addition, the quadrupole resonan-
ces intensity in the Ag nanoparticle aggregation could be con-
trolled by tuning the density of NPs. The manipulation of the
quadrupole resonance allows us to investigate the tunable
enhancement of UV emission. Based on the theoretical calcu-
lation and experimental results, it can be concluded that the
quadrupole SPs in Ag nanoparticle aggregation can be
actively controlled by tuning the morphology and density of
Ag NPs, which could in turn enhance the NBE exciton emis-
sion from Mg, ,Zn( 3O in UV range.

In summary, highly tunable enhancement of NBE emis-
sion from Mg ,Zn, 3O has been realized by the quadrupole
plasmon resonance in Ag nanoparticle aggregation. The

Appl. Phys. Lett. 104, 091119 (2014)

intensity and peak position of quadrupole resonance can be
controlled by turning the size and density of Ag NPs. The
NBE UV emission enhancement of Mgg,Zn, 3O was very
sensitive to the frequency of the quadrupole resonance, and
the room temperature enhancement ratio could reach as high
as 40-fold. In contrast, only a very weak UV enhancement
can be observed for Al and Au samples, which could be
explained by the charge transition between the metal and the
semiconductor and the scattering effect of the metal NPs.
Our result gives a fundamental new insight into the highly
tunable enhancement of the UV emission through the NBE
excitons-quadrupole plasmons coupling. In addition, the
ability to control the interaction between nanoscale plasmons
and excitons would open up a wealth of possible applications
for ZnO-based as well as other UV light-emitting devices
with high emission efficiency.
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