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Wedemonstrate an individual ZnOhexagonalmicrorod on the surface of anAu substrate which can become
new sources for manufacturing miniature ZnO plasmon lasers by surface plasmon polariton coupling to
whispering-gallery modes (WGMs). We also demonstrate that the rough surface of Au substrates can
acquire a more satisfied enhancement of ZnO emission if the surface geometry of Au substrates is
appropriate. Furthermore, we achieve high Q factor and super low threshold plasmonic WGM lasing from
an individual ZnO hexagonal microrod on the surface of the Au substrate, in which Q factor can reach 5790
and threshold is 0.45 KW/cm2 which is the lowest value reported to date for ZnO nanostructures lasing, at
least 10 times smaller than that of ZnO at the nanometer. Electron transfer mechanisms are proposed to
understand the physical origin of quenching and enhancement of ZnO emission on the surface of Au
substrates. These investigations show that this novel coupling mode holds a great potential of ZnO
hexagonal micro- and nanorods for data storage, bio-sensing, optical communications as well as all-optic
integrated circuits.

A
lthough surface plasmon-enhanced ultraviolet random lasing of ZnO films1 and nanowires2,3 have been
achieved, they are still traditional photonic lasers. Optical confinement in traditional photonic lasers is
restricted by the diffraction limit of the light which often demands large device sizes4,5. Very recently,

many attentions have been paid to plasmon lasers6–10, which have been fabricated by CdS nanowires11 and
nanosquares12 on the Ag substrate. Research showed that the geometry of metal substrates and dielectric layers
has a crucial influence on the performance of plasmon lasers13–15. Additionally, surface plasmon is proposed to
scale down their wavelength for nanoscale photonics, but the optical modes propagation loss increase rapidly on
scaling the optical mode down16–18. Well known, ZnO nanostructures have attracted considerable interest due to
great potential applications in micro- and nanoscaled optoelectronic devices, thus, understanding of a ZnO
nanostructure such as a nanorod on the surface of ametal substrate has been becoming interesting for developing
ZnO-based plasmon lasers. However, there have not been any reports involved in the system of a ZnO nanos-
tructure on the surface of metal substrates for plasmon lasers, so far. On the other hand, micro- and nanoscaled
whispering-gallery resonators with total internal reflection have the great potential for the applications of
nanolasers and other nanophotonic devices19. ZnO hexagonal micro- and nanorods are regarded as important
building blocks for nanoscaled optoelectronic devices, because they provide high quality (Q) factors leading to
strong optical feedback within the micro- and nanocavity20–25. Therefore, both plasmon laser12 and whispering-
gallery microcavity26 perform potential applications in ultrasmall-mode-volume devices.

In this contribution, we report a systemic study of an individual ZnO hexagonal microrod on the surface of Au
substrates and we demonstrate that the surface plasmonic modes can strongly couple with the WGMs of ZnO
hexagonal microrods to enhance the photoluminescence and split the WGMs on the rough surface of Au
substrates. Importantly, we achieve high Q factor and super low threshold plasmonic WGM lasing in the
fabricated systems, in which the Q factor is up to 5790 and the threshold is down to less than 0.5 KW/cm2 which
is the lowest threshold value reported to date for ZnO nanostructures lasing, at least 10 times smaller than that of
the most of ZnO at the nanoscale. Finally, we propose the physical understanding to the enhancement and
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quenching of the photoluminescence of ZnO on the surface of Au
substrates. Therefore, these results are useful for design ZnO-based
plasmon lasers. Note that many reports were involved in the case of
ZnO nanowires covered by Au nanoparticles27–31. However, we sug-
gest that the system of a ZnO nanostructure on the surface of Au
substrates should be distinctly different from the case of ZnO nano-
wires covered by Au nanoparticles for plasmon lasers.

Results
Figs. 1(a–b) show the typical SEM images of the prepared ZnO
hexagonal microrods in different magnification. Clearly, these rods
have perfect hexagonal shape with the size about 1–2 mm diagonal
and 20 mm length, and their size is uniform. Fig. 1(c–d) show an
individual ZnO microrod lies on silicon and Au substrates. Fig. 2
shows the different surface roughness of four Au substrates. We can
clearly see that the surfaces of A1 and A2 substrates are rough, and
the roughness increases with the thickness of gold films. However,
the surface of theA3 substrate is the roughest among these substrates,
because the surface actually consists of isolated nanoparticles.
From Fig. 3, we can see that the different PL of ZnOmicrorods on

Si, A1, A2, and A3 substrates, respectively. In detail, we can clearly
see that the ultraviolet (UV) and defect emissions of ZnO are
enhanced on A1 and A2 substrates compared with that of ZnO on
the Si substrate, i.e., the rough surface of Au substrates can strongly
enhance both UV and defect emissions of ZnO on the A1 and A2
substrates compared with that of the Si substrate in Fig. 3(a).
Meanwhile, more WGMs of ZnO emission emerge on these sub-
strates in Fig. 3(b–c). Therefore, these experimental observations
show that the interaction between ZnO rod and substrate can greatly
enhanced the WGMs of ZnO emission on the surface of Au sub-
strates. In addition, there is a red shift both in UV and visible emis-
sions of ZnO on these substrates. However, both UV and defect

emissions of ZnO are quenching on the A3 substrate in Fig. 3(a).
Thus, these results show that the enhancement of ZnO emission
greatly depends on the surface roughness of Au substrates.
Further, taking an individual ZnO hexagonal microrod on the

surface of the A2 substrate as an example, we study the lasing beha-
vior and the results are shown in Fig. 4(a–c). Note that, in our case,
for a ZnO rod on the bare Si substrate, no lasing on theWGM cavity
modes is observed. From Fig. 4(a), we can see a strong UV lasing at
386 nm. Spectrum between 386–390 nmwas enlarged in the inset of
Fig. 4(a). It is clear that the mode was not cut off at 386 nm. It is just
because the lasing peak is so high that makes other modes sup-
pressed. The threshold value of lasing is an important parameter
for the performance of devices. Fig. 4(b) shows the threshold values
of an individual ZnO hexagonal microrod on the Au substrate by
increasing the pumping energy. In detail, the lasing threshold value is
typically found to be 0.45 KW/cm2. Remarkably, the threshold is
down to less than 0.5 KW/cm2, which is the lowest threshold value
reported to date for ZnOmicro- and nanostructures lasing39, at least
10 times smaller than that of ZnO at the nanoscale. Fig. 4(c) shows
the defect lasing experiment. No good lasing peak was observed,
though it seems that two lasing mode at 546 nm and 612 nm may
arise. By increasing the pumping energy, only the mode outline
became clear.
For optical resonators, analyzing the observed resonance to under-

stand the nature of the light confinement is very important. Fig. 3
shows obvious cavity modes despite being below the threshold,
which indicates the excellent cavity feedback. The Q factor of ZnO
microrods is given by Q 5 l/Dl, where l and Dl are the peak
wavelength and its full width half maximum (FWHM). As there
are many modes, we choose the strongest peak to calculate the Q
factor under threshold. In the lasing condition above threshold, theQ
factor of the A2 substrate is up to 5790 at the wavelength of 386 nm.

Figure 1 | (a) and (b) The typical SEM images of the prepared ZnOhexagonalmicrorods in differentmagnifications. An individual ZnOmicrorod on the

silicon substrate (c) and on the Au substrate (d).
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Without appropriate cavity feedback, lasing phenomena could not
happen. Various feedback mechanisms may account for the lasing,
such as an F-P cavity, a random resonant effect or WGM. Since the
lasing in our experiment is observed from a single ZnOdisk, it cannot
be attributed to random lasing caused by multiple scatting in a dis-
ordered medium. It is concluded in Ref. 32 that an F-P cavity pro-
vides a very lowQ factor, as low as 468, which ismuch lower than our
Q factor. It is also notable that the WGM is more preferable because
of a better optical confinement. So we ascribe the observed lasing to
WGM. These results suggest that the system of an individual ZnO
hexagonal micro- and nanorod on the surface of Au substrates is
expected to be a promising candidate for achieving ZnO-based plas-
mon laser.
Based on our experiment results, this hybrid system can really

couple surface plasmon modes with WGMs, which can induce to a
high Q factor below threshold. The Q factor of surface plasmon

polaritons (SPPs) guided WGMs, QSPP1WGM, is limited by two fac-
tors expressed as follow27

1=QSPPzWGM~1=QSPPz1=QWGM ð1Þ

QSPP is the metal loss experienced by the propagating SPP mode due
to penetration into the gold layer. QWGM is the radiation loss experi-
enced byWGM. Therefore, these plasmonicWGMs bridge the space
between traditional Fabry-Pero modes, WGMs and localized void
plasmons. Such coupling of SPP and WGM works when the sur-
rounding gold film provides the delocalized plasmon28. These results
thus provide the important information that a ZnO hexagonal
microrodwith total internal reflection on the surface of Au substrates
has a potential for plasmon laser if the surface geometry of Au sub-
strates is appropriate. Furthermore, the clear signature of multiple
cavity mode resonances at low pump powers demonstrates sufficient

Figure 2 | (a, d, g) 2D AFM images of the surface of A1, A2 and A3 substrates, respectively, (b, e, h) the corresponding AFM 3D images, and (c, f, i) the

height of the section marked by a white light in 3D images. The scan size is 5 mm 3 5 mm.
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material gain to achieve full laser oscillation. Meanwhile the cavity
feedback is abundant.

Discussion
For the ZnO micro- and nanorods, when excited by photons, elec-
trons in the valence band (VB) can be excited to the conduction band
(CB) creating electron-hole pairs. However, metal contacted with
ZnO surface can alter its emission behavior through different

mechanisms. Using the radiating surface plasmon mechanism,
Lakowicz31 explain that surface plasmon resonance scattering of
metal can enhance PL emission of semiconductors, while surface
plasmon absorption can cause a quenching. In detail, PL enhance-
ment in semiconductors usually occurs on rough metal surface or
metal nanoparticles with large sizes, and quenching occurs on
smoother metal surface or metal nanoparticles with much larger
sizes. In order to gain the origin of enhancement and quenching in
our experiments, the extinction spectra of the three Au prepared
under different condition had been measured. It determines both
absorption and scattering of the Au. Two SPRmodes associated with
the two axes of Au oblate spheroids were observed. The high energy
band near 360 nm (out-of-planemode) is due to the oscillation of the
normal mode33, and the low energy band comes from the dipole

Figure 3 | (a) PL spectra of an individual ZnOmicrorod on Si, A1, A2 and

A3 substrates, respectively, in 3D waterfall. (b) The ultraviolet and (c) the

visible emissions. Note that the mode number of WGM of ZnO is

calculated in (b–c).

Figure 4 | (a) The UV lasing spectra of a ZnO hexagonal rod on the A2

substrate and the excitation intensity is 0.38, 0.43, 0.56 KW/cm2,

respectively. The inset is the enlarged spectrum between 386–390 nm.

(b) The defect lasing data of ZnOhexagonal rod onA2 substrate. (c) Plot of

emission peak intensity versus excitation intensity.
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oscillation parallel to the substrate plane (in-plane mode). As indi-
cated in Fig. 5(a), the emission of ZnO at about 380 nm overlaps the
longed wavelength spectral component of the out-of-plane res-
onance band of Au. It is known that due to the presence of the Au
with proper rough and dipole-dipole interaction between the neigh-
boring particles in the film, the SP band broadens in the longer
wavelength spectral region and the scattering coefficient is raised
greatly in that region34. Thus, by means of the effective SP radiative
scatting the enhancement of the band gap emission at 380 is expected
for A1 and A2. However, when the Au particles became too big and
separated far from each other, the attenuation effect due to the
reflection and absorption would dominate35. The inset in Fig. 5(a)
which is the enlarged extinction spectrum of A3 shows that UV
emission of A3 would not increase. For the defect emission at
560 nm, it located much further from the spectral component of
the in-plane resonance band for A3. Under these conditions, the
SP absorption attenuation is more effective than the radiative scat-
tering, leading to the quenching of emission near 560 nm. However,
the in-plane resonance band redshifts in A1 and A2. Consequently,
the defect emission at 560 nm now approaches the wavelength spec-
tral region of the in- plane resonance band. Then, the SP scatting at
560 nmwill be raised and the emission can be effectively enhanced. It
is suggested that only by proper resonance scattering of SP, the light
emission can be enhanced.

In fact, electron transfer between semiconductor and metal takes
place when they are in direct contact, and the direction of electron
transfer depends on the band structures of semiconductors and the
energy states of metal. To obtain a clear picture of the quenching and
enhancement of PL in the system of ZnO hexagonal rods on the
surface of Au substrates, the underlying mechanism is proposed as
shown in Fig. 5(b). In drawing the band alignment, we use the data as
follows. The conduction band of ZnO is located at20.8 eV and the
Fermi level of gold is 20.75 eV vs normal hydrogen electrode
(NHE)36. As the large work function of ZnO, its Fermi energy level
lies lower than the Femi energy level of gold, and the initial electron
transfer between Au and ZnO will cause a band bending.
As the average particle size of the Au films deposited by sputtering

is 4–100 nm, scattering dominates over absorption process.
Electrons of Au films are excited to the surface plasmon level which
is higher than the CB edge of ZnO, so electrons transfer to CB. The
electrons accumulating in the potential well at the interface will
increase substantially. Even if the photon generated by electron-hole
pairs are separated at the interface, the radiactive recombination
probability of electrons on CB with holes on VB will raise a lot due
to the replenishment of electrons from Au, which results in an
enhancement of the ultraviolet emission of ZnO. For the defect
emission, since the Fermi level of Au is higher than the deep defect
level of ZnO, it is therefore possible that the electrons can transfer

Figure 5 | (a) Extinction spectra of A1, A2 and A3, respectively. The vertical line highlights the spectra position of emission bands of ZnO. A1 (red), A2

(black), A3 (blue). (b)Schematic diagrams of the electron transfer process of ZnO hexagonal microrod on the surface of the Au substrate.
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from the Fermi level of Au to the deep defect level of ZnO. Thus the
defect emission is enhanced37. And the wavelength of the plasmon is
close to the defect wavelength. Thus, coupling of these two waves
make it possible for PL enhancement. When the average size of the
Au film becomes larger after being annealed, PL is quenching. Note
that too much rough surface of Au film acts as an electron trap38.
Electrons transfer from ZnO to Au, as a result, the defect emission is
effectively suppressed and no enhancement for UV was observed.
When the energy of surface plasmon is lower than that of excitons,
energy transfers from excitons to surface plasmon occurs, which
results in a red shift of the emission peaks of all.
In summary, we have demonstrated that the hybrid optical wave-

guide that consists of an individual ZnO hexagonal microrod on the
surface of Au substrates suggests new sources that may manufacture
miniature plasmon laser of ZnO by surface plasmon polariton coup-
ling to WGMs. The lasing experiments of the fabricated ZnO hexa-
gonal rod-Au substrates showed that the surface plasmon modes
coupling with the WGMs can lead to a large Q factor and an abnor-
mally low threshold for lasing, e.g., the Q factor is up to 5790 and the
threshold is down to less than 0.5 KW/cm2 which is the lowest value
reported to date for ZnO nanostructures lasing, at least 10 times
smaller than that of ZnO at the nanometer. The physical under-
standing was proposed to address enhancement of ZnO emission
on different surface of Au substrates based on electron transfer
mechanisms. These findings make this unique coupling mode prom-
ising for a variety of applications in data storage, bio-sensing, optical
communications as well as all-optic integrated circuits.

Methods
Materials preparation.The preparation of ZnOhexagonalmicrorods is conducted in
a horizontal tube furnace by chemical vapor deposition. A mixture of commercial
ZnO and graphite powders with a weight ratio of 151 is loaded on a quartz boat and
posited at the higher temperature of the tube. Single-crystal Si wafers are cleaned by a
standard procedure and placed downstream 3 cm far from the powder source at the
lower temperature to act as a deposition substrate. Then, the system is heated to
1100uC for 60 min and kept at this temperature for 30 minutes without any catalyst
in the air. After it was cooled down to room temperature, we observe a gray film on the
substrate when it wasmoved out. A little and sharp knife is used to scrape the gray film
into the deionized water and sonicating it for 2 minutes. Finally, the suspension is
pipetted onto the Au substrates.

Au substrates are fabricated by depositing Au films on Si wafers. Two Au coatings
with different thickness are deposited on Si wafers by a sputtering technique. The
thickness of Au films is controlled by a current of 40 mAwith two deposition times of
60 and 180 s, respectively. These two Au substrates are named to be A1 and A2
substrates. Additionally, another A2 substrate is annealed at 600uC in the air for
30 min to changing the surface morphology, which is named A3. The thicknesses of
gold films on A1 and A2 substrates are about 40 and 90 nm, respectively. And the
sizes of the gold particles on the A3 substrate are about 200 nm. In order to make the
ZnO microrods attach to the surface of Au substrates tightly, all the samples are
annealed at 100uC for 10 min.

Characterizations. The fabricated systems were characterized by scanning electron
microscopy (SEM) and the photoluminescence (PL), and lasing measurement was
carried out by Renishaw inVia Raman Microscope with 325 nm excitation
wavelength and the acquirement range was from 370 to 640 nm. The resolution of the
microscope is in the order of mm, so we can acquire the PL and lasing from the
individual ZnOmicrorod. The excitation laser of the m-PL system is focused to a spot
of 10 mm in diameter. The excitation laser source is continuous-wave He-Cd laser.
The original power of the laser is 30 mW and the power of the laser reached the
sample is 9 mW. A variable neutral density filter is used to attenuate the power. All
these equipments are connected to a computer and operated in a WiRE-Single scan
measurement system. In this system, the percent of the measured power can be
chosen. The maximum excitation is about 11.5 KW/cm2. Then 0.05%–9% of the
maximum excitation was used to acquire the lasing spectrum. Atomic force
microscope (AFM) was used to characterize the surface roughness of various Au
substrates. All measurements were carried out at room temperature.
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