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ABSTRACT: Wurtzite structural ZnO microrods with
hexagonal cross section were fabricated by a simple vapor
transport method and an individual ZnO microrod was
employed as a whispering gallery microcavity. The obviously
enhanced spontaneous and stimulated emissions were
observed as the ZnO microrod was decorated with Al
nanoparticles (NPs). Based on the absorption spectrum of
Al NPs, the underlying mechanism was proposed and can be
attributed to the resonant coupling between excitons of ZnO
and surface plasmons (SPs) of Al NPs at the metal/ZnO
interface on the surface of microcavity. In addition, the threshold of the ZnO microcavity decorated with Al NPs has reduced by
half compared with that of the bare one, which provides additional evidence to support the energy coupling between the ZnO
microrod and Al NPs. The controllability and improved emission properties of these types of microcavities are potentially
important for designing highly efficient optoelectronic devices.
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Zinc oxide (ZnO), a direct wide bandgap (3.37 eV)
semiconductor material with a large exciton binding

energy (60 meV), has drawn much attention due to their
potential applications in ultraviolet (UV) optoelectronic
devices, such as light emitting diodes,1−4 micro/nanolasers,5−8

and UV photodetectors.9−12 Recent progress in lasing or
stimulated emission has been achieved from a variety of low-
dimensional ZnO micro/nanostructures. The reported stimu-
lated emission process can be summarized in random mode,8,13

Fabry−Peŕot (FP) mode,5,6 and whispering gallery mode
(WGM).7,14−16 However, both random lasing and FP lasing
generally present a high threshold due to the scattering at the
disordered ZnO interfaces and the low reflectivity at the two
end facets of the 1D ZnO micro/nanostructure. On the other
hand, the single-crystal hexagonal ZnO microstructure
constitutes a nature WGM microcavity, where the light wave
propagates circularly in the inner walls due to multiple total
internal reflection at the ZnO/air boundary; therefore, it is
expected to obtain UV lasing with high quality factor and low
threshold. But now, the luminescence efficiency of ZnO
microlaser needs to be improved. In order to enhance
spontaneous and stimulated emission from ZnO micro/
nanostructures, much attention has been paid on the resonant
cavity based on ZnO micro/nanostructures composited with
metal NPs, such as Ag,17,18 Au,19,20 and Pt.21 Surface plasmons
(SPs), excited by the interaction between light and electron
plasma waves at the metal surface, has attracted great scientific
interest due to its wide applications, including plasmon lasers,22

enhancing the light absorption,23 and Raman scattering24 of
materials near its surface. Recently, SP-mediated emission has
also become an attractive research topic because of the dramatic

improvement of luminescence intensity and efficiency of light-
emitting materials and devices. For example, Zhang et al.
reported the enhanced electroluminescence intensity in an n-
ZnO/AlN/p-GaN heterojunction light emitting diode resulting
from the resonant coupling between excitons in ZnO and
localized surface plasmon in Ag NPs.25

The metal-decorated WGM microcavity constructs a better
configuration that is beneficial for the coupling between the
ZnO interband emission and the metal SP because both surface
evanescent waves are mainly confined on the microcavity
surface, where the former reflects totally and internally,26

meanwhile, the latter is localized in the metal/ZnO interface.
This effective coupling is expected to improve the lasing
performance, but few investigations have been reported so far.
In this work, more than 10-fold enhancement of the
spontaneous and stimulated emission was demonstrated from
Al-decorated ZnO microrod, while a slightly blue shift was
discovered. Both the enhanced intensity and the blue shift are
attributed to the surface plasma resonance (SPR) induced by Al
NPs, because the SP energy is very close to the ZnO band
gap.27,28 These results are helpful for the creation of high
efficient optoelectronic devices.

■ RESULTS AND DISCUSSION

Morphology and Structural Characterization. Figure 1a
shows a typical scanning electron microscope (SEM) image of
the ZnO microrods vertically grown on a silicon substrate. The

Received: July 19, 2014
Published: December 2, 2014

Article

pubs.acs.org/journal/apchd5

© 2014 American Chemical Society 73 dx.doi.org/10.1021/ph5002582 | ACS Photonics 2015, 2, 73−77

pubs.acs.org/journal/apchd5


length of the ZnO microrods is ∼2 mm and the diameter is
10−20 μm. An individual ZnO microrod with a hexagonal cross
section and smooth facets as inserted in Figure 1a is selected to
act as a WGM lasing microcavity. The EDS spectrum and
elemental mapping profiles of the Al-decorated ZnO microrod
confirm the existence of Al element, as shown in Figure 1b. The
elemental mapping images collected from the rectangular
region in Figure 1b reveals that the Zn element and O element
distribute uniformly corresponding distinctly to the profile of
the ZnO microrod, while the Al element disperses on the
surface of the microrod. The SEM image inserted in Figure 1b
further demonstrates that the aluminum exists as NPs with
diameters of about 60−80 nm.
Optical Property. To examine the optical properties of the

ZnO microrod with and without decoration of Al NPs, the μ-
PL spectra measurements were performed at room temper-
ature. As shown in Figure 2, the μ-PL spectra from an

individual ZnO microrod before (black line) and after (red
line) Al NPs decoration mainly display a UV emission peak
centered at 392.5 nm from the near band-edge emission (NBE)
of ZnO.30−32 Under the same experiment condition, the UV
emission peak intensity from the Al-decorated ZnO microrod is
approximately 10-fold strong as that of the bare ZnO one. In
order to investigate the contribution of the SP from Al NPs, the
optical absorption spectra of Al NPs prepared at the same

sputtering condition, was measured and as inserted in Figure 3.
An obvious absorption exists in ZnO NBE region. This

provides an important physical environment for the resonant
coupling between ZnO NBE and Al SP. To illustrate the above-
mentioned mechanism, the schematic diagram of the band
alignment between the ZnO microrod and Al NPs is plotted in
Figure 3, in which the conduction band of ZnO is located at
−4.19 eV versus the absolute vacuum scale (AVS), and the
Fermi level of aluminum is at −4.3 eV versus AVS.33,34 The
strong resonant surface plasmon coupling will give rise to an
enhanced interband transition and further results in an
enhanced band gap recombination for spontaneous emission
and lasing from ZnO microrod. Based on this mechanism, more
effective coupling should happen in the short wavelength region
because the Al SP presents more and more strong response
with the wavelength shortening, as shown the absorption
spectrum. Therefore, the blue shift of the NBE emission is
observed from the Al-decorated ZnO microrods, as shown in
the inset in Figure 2.
The SP-improved WGM lasing performance was also

characterized from the ZnO microrod before and after Al
NPs decoration under different pumping power, as shown in
Figure 4a,b. At a low pumping power of 3.2 μW, the spectrum
displays a weak spontaneous emission band centered at 391 nm
for the ZnO microrod without Al NPs. When the pumping
power reaches to 4.85 μW, some sharp peaks with the mode
spacing of about 0.45 nm emerge out. As the pumping power
increases to 7.78 μW, 12 clear lasing modes with the full width
at half-maximum (fwhm) of about 0.036 nm can be
distinguished in the emission spectrum for the strongest
resonant peak located at 393.39 nm, so the Q factor is
estimated as 10925 according to the definition Q = λ/Δλ,
where λ and Δλ are the peak wavelength and the fwhm,
respectively. For the Al-decorated ZnO microrod, some sharp
peaks emerge out when the pumping power reaches to 2.15
μW. As the pumping power increases to 3.67 μW, 16 clear
lasing modes with the fwhm of about 0.13 nm can also be
distinguished in the emission spectrum. The mode spacing is as
the same as that of the bare ZnO one, and the strongest
resonant peak is located at 393.25 nm. The Q factor is about
3025, which is smaller than that of the bare ZnO microrod due
to the scattering of Al NPs. In order to further analyze the
action of the Al NPs to the enhancement of ZnO WGM lasing,
the lasing spectra from the two samples with and without Al

Figure 1. (a) SEM image of the as-grown ZnO microrods inserted
with an enlarged individual microrod. (b) EDS spectrum and the Zn,
O, and Al element mapping images for the individual ZnO microrod.
Inset: SEM image of the Al NPs deposited on the surface of the
individual ZnO microrod, taken from the white marked rectangle spot.

Figure 2. μ-PL spectra of the ZnO microrod before (black line) and
after (red line) Al NPs decoration under the same excitation power.
Inset: the μ-PL spectra of the two samples in short wavelength region.

Figure 3. Schematic resonant coupling between ZnO NBE and Al
surface plasmon inserted with the absorption spectrum of Al NPs
prepared under the same conditions with the decoration on ZnO
microrods.
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NPs decoration under the same pumping power of 5.5 μW
were compared, as shown in Figure 4c. The enhancement ratio
of lasing intensity was more than 8-fold when ZnO microrod
was decorated with Al NPs. It is worth noting that, in Figure 4c,
a slightly blue-shift of the envelope of lasing emission peaks
which is corresponding to the spontaneous emission was also
observed after depositing Al NPs on the surface of the ZnO
microrod. The reason can also be attributed to the strong
resonant surface plasmon coupling between ZnO microrod and
Al NPs as mentioned before. Hence, the significant benefit
composited with metal NPs is that it can immensely enhance
the performance of the optical microcavity by the SPR coupling
between the metal NPs and semiconductor micro/nanostruc-
tures.

Figure 5 shows the integrated emission intensity versus
excitation power from the two samples. For the bare ZnO

microrod, the emission intensity increases slowly under the
excitation power of 4.7 μW and it increases rapidly when the
excitation power is higher than 4.7 μW. This indicates that the
lasing threshold is about 4.7 μW for the bare ZnO microrod.
Quite interestingly, the threshold of the ZnO microrod
decorated with Al NPs (2.1 μW) reduces significantly
compared with that of bare one (4.7 μW), which means that
the laser action can be more easily achieved in the ZnO
microrod/Al NPs composite system. Based on the coupling
mechanism mentioned above, the reduced threshold provides
additional evidence to support the energy coupling between
ZnO microrod and Al NPs.

■ CONCLUSIONS
To summarize, we provide a novel approach to enhance lasing
performance from a semiconductor WGM optical microcavity
based on metal−semiconductor SPR coupling. To illustrate the
working principle, ZnO microrod decorated with Al NPs was
chosen as an example. More than 10-fold enhancement of the
spontaneous and stimulated emission was observed due to the
result of strong resonant surface plasmon coupling between
ZnO microrod and Al NPs. In addition, compared to the bare
ZnO microrod, the threshold of the microcavity with Al NPs
decoration has been cut in half relative to the case without Al
NPs. This approach can be extended to a variety of metal−
semiconductor composite systems for designing of novel
optoelectronic devices with high efficiency.

■ EXPERIMENTAL SECTION
ZnO microrods were synthesized in a horizontal tube furnace
through a simple vapor-phase transport process, as our previous
report.29 A mixture of ZnO and graphite powder with mass
ratio of 1:1 was filled into a small quartz boat as source material,
which was placed in the center of the heating zone, and a silicon
slice was covered on the quartz boat. Then, the furnace was
heated up to 1150 °C by the heating rate of 10 °C/min. ZnO
microrods were obtained on the silicon substrate after reaction
for 45 min. The Al NPs were sputtered onto an individual ZnO
microrod by radio frequency magnetic sputtering, the chamber
pressure was fixed at 2.0 Pa, the Ar flow was 50 sccm, the
sputtering power was 100 W, and the sputtering procedure

Figure 4. Lasing spectra of an individual ZnO microrod (a) before and
(b) after Al NPs decoration under different pumping power. (c) The
lasing spectra for the two samples under the same excitation power of
5.5 μW. Inset shows the optical microscopy images of the individual
ZnO microrod before and after Al NPs decoration.

Figure 5. Dependence of the emission intensity on the pumping
power. The inset shows the optical path in the hexagonal WGM cavity.
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lasted for 5 min. In order to ensure the lasing spectra collected
from the same emission region, two artificial signs were marked
by the femtosecond pulsed laser at both sides of the ZnO
microrod before decorating with Al NPs, as shown in the inset
in Figure 4a,b. The morphology of the samples was observed by
optical microscope (OLYMPUS BX53F) and a field emission
scanning electron microscopy (FESEM, Carl Zeiss Ultra Plus)
equipped with an X-ray energy dispersive spectrometer (EDS)
(Oxford X-Max 50). The absorption measurement was carried
out by UV−vis-NIR spectrophotometer (SHIMADZU UV-
2600). The microphotoluminescence (μ-PL) and lasing spectra
from an individual ZnO microrod was measured by a confocal
μ-PL system (OLYMPUS BX53) coupled with a femtosecond
pulsed laser at 325 nm (COHERENT Libra-F-HE) as the
excitation source. All measurements were performed at room
temperature.
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