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T
hewide direct band gap (3.37 eV) and
strong exciton binding energy (60meV)
of ZnO have drawn people's great

endeavor to explore the short-wavelength
lasers and their potential applications in
recent decades.1�3 So far, ultraviolet (UV)
lasing of ZnO has been carried out in differ-
ent resonant cavities of random, Fabry�
Perot (F�P), and whispering-gallery mode
(WGM).4�6 Among them, WGM lasing has
attracted intensive interest due to its high
quality factor (Q) and low lasing threshold
based on the total internal-wall reflection of
the microcavity.6,7 All reported WGM lasing
just presentedmultimode structure inmicron-
sized ZnO cavities with sufficient gain.6,8,9

However, high performance UV lasers with

good monochromaticity, i.e., single-mode
lasing with narrow spectral line width, are
much desirable for practical applications,10

such as optoelectronic integration, micro-
spectroscopy photometers and ultrasensi-
tive chemical/biological sensors.
A general approach to achieve single-

mode lasing is designing and fabricating
the multilayered films or gratings with dis-
tributed Bragg reflection (DBR) or distrib-
uted feedback (DFB) structures.11�13 Another
way is to select a common mode from
two coupled cavities by means of Vernier
effect.14�16 For example, Shang et al. realized
a directional single-mode lasing in a coupled
asymmetricmicrocavity by coupling two size-
mismatched circular resonators.17 However,
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ABSTRACT

Single-mode ultraviolet (UV) laser of ZnO is still in challenge so far, although it has been paid great attention along the past decades. In this work, single-

mode lasing resonance was realized in a submicron-sized ZnO rod based on serially varying the dimension of the whispering-gallery mode (WGM) cavities.

The lasing performance, such as the lasing quality factor (Q) and the lasing intensity, was remarkably improved by facilely covering monolayer graphene on

the ZnO submicron-rod. The mode structure evolution from multimodes to single-mode was investigated systematically based on the total internal-wall

reflection of the ZnO microcavities. Graphene-induced optical field confinement and lasing emission enhancement were revealed, indicating an energy

coupling between graphene SP and ZnO exciton emission. This result demonstrated the response of graphene in the UV wavelength region and extended its

potential applications besides many previous reports on the multifunctional graphene/semiconductor hybrid materials and devices in advanced electronics

and optoelectronics areas.
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these two approaches rely on sophisticated fabrica-
tion techniques and high cost. The third one, a fairly
optional strategy to achieve the single-mode lasing, is
reducing the resonator size to make the free spectral
range (FSR) of a cavity exceed the spectral width of the
gain medium.18,19 As a representative report, Gargas
et al. obtained single-mode ZnO WGM lasing from
individual ZnO nanodisk with diameter of several
hundred nanometers.19 Unfortunately, the drastically
increased optical loss is unavoidable as the cavity size is
reduced.20 Facing to this problem, the extreme light-
matter interaction is expected to carry out through
plasmon coupling in semiconductor laser, which com-
bines the sufficient gain of semiconductor and spatial
electromagnetic field confinement of surface plasmon
(SP). This provides a promising way to construct a
nanoscaled lasing cavity. Until now, various plasmonic
nanolasers have been attempted in bimetallic porous
nanowires,21 nanopatch,22 nanodisks,23 coaxial and
ring structures.24,25 For example, Li et al. reported
single-mode WGM lasing realized in a hexagonal GaN
nanopillar array with pillar diameter of about 980 nm.18

Themost important role in their realization is themetal
cladding layer, which promotes optical confinement
within the cylindrical cavity. Oulton et al. reported a
nanometer-scale plasmonic laser in a high-gain CdS
nanowire on top of a silver substrate spacedwith a thin
MgF2 layer.

26 Owing to the strong mode confinement,
the spontaneous emission rate was accelerated dra-
matically and the stimulated emission generated op-
tical modes one hundred times smaller than the
diffraction limit. However, the metal SP is inconveni-
ently tunable in fixed devices and generally has large
Ohmic loss,27,28 which hinders the flexible design and
development of novel functional photonic materials
and devices with high performance.
Fortunately, graphene, a flat two-dimensional mono-

layer composed of carbon atoms, has been considered
as a plasmonicmaterial alternative to noblemetals based
on its unique conductivity and optical properties.29,30

Graphene SP has been employed to strengthen the light-
matter interaction31,32 and adopted to enhance the

spontaneous and stimulated emission of ZnO.33�35

Though many reports have demonstrated the PL en-
hancement from graphene-coated ZnO and assumed
the action of graphene SP, the mechanism is unclear;
especially, the understanding of the response of gra-
phene SP in UV region is in some controversy.36 Direct
evidence of the important characteristics of graphene
SP, such as the field spatial confinement and the
corresponding optical field enhancement, is still scarce
in experiment.
In this work, an easily accessible approach to achieve

single-mode lasing of ZnO was proposed and realized
in a submicron-sized ZnO cavity based on the systema-
tic investigation on the WGM lasing behaviors of ZnO
microrods with different diameters. More importantly,
the single-mode lasing performance was remarkably
improved by facilely covering monolayer graphene on
the ZnO rod to construct a graphene/ZnO hybrid
submicron-cavity, in which the optical field was effec-
tively confined and the optical gain was sufficiently
elevated based on the graphene SP coupling with ZnO
exciton emission.

RESULTS AND DISCUSSION

In order to investigate the optical behaviors of the
bare ZnO microrods, a typical microrod with diameter
of D = 15.5 μm, as shown the SEM image in Figure 1a,
was selected individually. The microrod exhibits a
perfect hexagonal cross-section and flat and smooth
side surfaces, so the light can be well confined and
propagate circularly in the cavity to form WGM reso-
nance due to the multiple total internal-wall reflection
at the ZnO/air interfaces, as schematically shown in
the inset of Figure 1a. Figure 1b shows the excitation
power density dependent PL spectra of the microrod.
At a low excitation power density of 80 kW/cm2, the
PL spectrum presents a broad spontaneous emis-
sion, which comes from the near band-edge (NBE)
emission of ZnO.37 When the excitation increased to
110 kW/cm2, the PL intensity increased and some sharp
peaks appeared in the spectrum, indicating the lasing
generation in the microcavity. Under more higher

Figure 1. (a) SEM image of an individual hexagonal ZnO microrod. The top-left inset shows schematic of a WGM resonant
cavity of the microrod and the light propagation path. (b) Excitation power density dependent PL spectra of the ZnO
microrod.
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excitation of 140�160 kW/cm2, more sharp and stron-
ger lasing peaks emerged in the spectra. For a typical
lasing mode at wavelength of 392.7 nm, the full width at
half-maximum (fwhm) is about 0.08 nm, so the Q factor
is calculated as about 4900 according to the equation
Q=λ/δλ, whereλ andδλare the lasingmodewavelength
and its fwhm, respectively. The experimental mode spac-
ing matches well with the calculated value according to
the equation of mode spacing for a WGM cavity:

Δλ ¼ λ2=[L(n � λdn=dλ)] (1)

where L is the path length of a round trip, n is the refrac-
tive index of ZnO, and (dn/dλ) denotes the dispersion
relation. On the other hand, the mode structure at excita-
tion power density of 160 kW/cm2 was also numerically
calculated according to the WGM lasing equation

N ¼ 3
ffiffiffi

3
p

nD

2λ
� 6
π
tan�1n

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3n2 � 4
p

(2)

where N is the mode number, n is the refractive index
of ZnO, D is the diameter of the microrod. The calcu-
lated modes match with the experimentally observed
lasing peak positions very well. So we can conclude
definitely that the lasing emission from the ZnOmicro-
rod is attributed to the WGM lasing mechanism.
To getmore information about theWGM lasing from

the ZnO microrods, the size-dependent lasing charac-
teristics were further systematically investigated by
varying diameter of the ZnO microrods ranging from
15.5 to 2.8 μm. Figure 2a�f show SEM images and
corresponding lasing spectra of three representative
ZnO microrods with diameter of 11.9, 6.9, and 2.8 μm
under the same excitation condition. From the lasing
spectra shown in Figure 2d�f, one can see clearly that
the number of the resonant mode decreases with size
reduction of the microrod, such that there are only
three resonant modes for the ZnO microrod with
diameter of 2.8 μm. Only one resonant mode (i.e.,
single-mode resonance) appearing in the spectrum is
speculated naturally if diameter of a ZnO microrod is
reduced to a dimension small enough to make the FSR
of the cavity exceed the spectral width of the gain
medium.19,38,39 It is also found that the fwhm and
mode spacing of the lasing modes increase with
decreasing of the microrod diameter. The broad fwhm
means the low Q factor of the small microcavity due to
the optical loss increases with decreasing of the cavity
diameter. Meanwhile, the wider mode spacing of the
microcavity with smaller diameter agrees well with the
theoretical prediction of eq 1.
As discussed above, a microrod with smaller dia-

meter has less resonant modes than a bigger one
has. Interestingly, a single-mode resonance was ob-
served in a submicron-sized ZnO rod. As shown the
SEM image in Figure 3a, the submicron-sized ZnO rod
exhibits regular hexagonal cross-section with diameter
of about 600 nm and smooth side surfaces. Figure 3b
shows the PL spectra of this rod under different
excitation power densities. Only one resonant peak
appears at wavelength of 390.5 nm, and the lasing
threshold is about 800 kW/cm2. The fwhm of the lasing

Figure 2. SEM images and corresponding lasing spectra of
the ZnOmicrorodswith different diameter of (a) 11.9, (b) 6.9
and (c) 2.8 μm, respectively. The scale bar is 10 μm.

Figure 3. (a) SEM image of a submicron-sized ZnO rod. (b) Excitation power density dependent PL spectra of this rod. The
inset in (b) shows Lorentzian fitting (red line) of the PL spectra at excitation power density of 1000 kW/cm2.
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peak is collected as about 0.98 nm from the inserted
Lorentzian fitting of the spectrum at excitation power
density of 1000 kW/cm2, so theQ factor is calculated as
about 400 according to the equation, Q = λ/δλ. This Q
value ismuch lower than those of themicrorods shown
in Figure 1 and 2, because the Q factor of a traditional
dielectric microcavity decreases drastically due to the
more radiation loss in a smaller cavity,20 which also
presented higher lasing threshold than its counter-
parts of the bigger sized microrods discussed above.
Experimentally, an obvious optical field confinement

was observed after the microrod was covered with
graphene. Figure 4a and b compare the optical images
of the same ZnO microrod before and after graphene
covering under the same excitation condition. In
Figure 4a, the bare ZnO microrod emits bright light
under the UV excitation, meanwhile, a part of the
emission propagates along the microrod and leaks
out from the excitation spot, which causes proper
radiation loss for resonance. While after the microrod
was covered with graphene, the graphene/ZnO hybrid
microcavity emits much brighter dazzling light under
the same excitation condition, as shown in Figure 4b. It
is very interesting to note that the emission light was
almost confined in the excitation spot, which is quite
different from the propagation and attenuation phe-
nomena observed in the bare microcavity. The spatial
confinement of the optical field just fits the typical
characteristic of SP. Previously, Nair and Sun et al. have

demonstrated the abnormal UV absorption of
graphene,40,41 which implied the SP generation in
short wavelength region due to the oscillation of π
electrons. In present case, the effective optical field
confinement is ascribed to the sufficient electromag-
netic field overlap between the resonant optical field of
ZnO and graphene SP wave. In principle, the resonant
optical field of ZnO mainly distributes near the WGM
cavity surface based on the total internal-wall reflec-
tion (inset in Figure 4a), while graphene SP as an
evanescent wave is also highly localized near the sur-
face. When top surface of the ZnO microrod was
covered with graphene, it is noted that the graphene
SP mainly distributed in the ZnO side near the covered
graphene, as shown the inset in Figure 4b. Both
localized electromagnetic fields provide a favorable
physical domain for their coupling, and result in an
effective optical field confinement.
Moreover, the SP-induced optical field confinement

will strengthen the light-matter interaction and accel-
erate the decay process.27 As a result, the radiative
recombination was enhanced while the nonradiative
recombination was suppressed, so the UV emission of
ZnO can be enhanced. This ultrafast dynamics has
been demonstrated in Ag SP coupled ZnO nanowire
very recently.42 The similar process for graphene/ZnO
system has also been confirmed in our previous re-
ported time-resolved photoluminescence experiment.43

As compared thePL spectra under the sameexcitation of
160 kW/cm2 in Figure 4c, the lasing intensity of the
hybrid microcavity exhibits nearly 10-fold enhance-
ment after monolayer graphene was covered on the
bare ZnO microrod. A careful observation reveals the
fwhm of the bare and the hybrid microcavity is about
0.08 and 0.06 nm respectively, indicating the narrowed
spectral width of the hybridmicrocavity relative to that
of the bare one, also implying the improvement of the
lasing quality after graphene covering.
It is noted that a series of experimental and theoret-

ical researches have demonstrated the absorption
and dispersion of graphene and revealed the corre-
sponding π and πþσ plasmons.40,41,44�46 For example,
both theoretical calculation by Despoja et al.44 and
experimentalmeasurement by Eberlein et al.46 demon-
strated a pronounced electronic excitation band of
graphene around 4.5 eV (∼275 nm) and clearly pointed
out the SP generation in UV region due to the oscilla-
tion of π electrons. In our case, the PL enhancement
ratio corresponding to different excitation wavelength
was carried out to confirm the coupling mechanism
between graphene SP and ZnO UV emission. The inset
in Figure 5 displays the PL intensity of the ZnO before
and after graphene covering under the femtosecond
(fs) laser excitation with the same power but different
wavelengths (namely 350, 325, 300, and 275 nm). The
graphene/ZnO hybrid microcavity presented much
higher PL intensity than the bare ZnO did under all of

Figure 4. Dark field optical images of an individual ZnO
microrod (a) before and (b) after being covered with gra-
phene under the same excitation condition. The inset in (a)
and (b) shows electric field energy distribution in the cross-
section plane of the bare ZnOmicrorod and the evanescent
field distribution of the 1st order eigenmodeof grapheneSP
in the interface of air/graphene/ZnO, respectively. (c) Com-
parison of the PL spectra from the same ZnO microrod
before (black line) and after (red line) graphene covering
under the same excitation condition of 160 kW/cm2.
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the UV excitation wavelengths. It is worth to note
that different excitation wavelength displays different
enhancement ratio. In Figure 5, the UV part of the
spectrum of electronic excitation in graphene from ref
44 was enlarged, while themeasured PL enhancement
ratio vs excitation wavelength was also plotted. It can
be seen that the experimental enhancement data (blue
curve) is consistent with Despoja's calculation (black
curve)44 and Eberlein's experiment (red dots)46 results.
This demonstrates clearly the contribution of graphene
SP to ZnO UV emission.
As indicated by previous reports,18,26 among many

efforts to improve the optical performance of the
semiconductor micro/nanostructures, the hybrid plas-
monic microcavities have been proposed to modulate
the oscillation feedback, reduce the waveguide and/or
mirror loss through the coupling between themetal SP
modes and conventional optical cavity modes.47,48 On
the basis of the optical field confinement and WGM

lasing enhancement observed above, graphene was
further applied to the small cavity with single mode
lasing shown in Figure 3. Here, the hybrid microcavity
was constructed by transferring a piece of monolayer
graphene on the submicron-sized ZnO rod, and the
EDX analysis was performed to confirm the coverage
state of graphene. Figure 6a shows the SEM image of
the hybrid microcavity and its EDX elemental mapping
images of C, Zn andO. The Zn element distribution just
corresponds to the top-view section of the ZnO rod,
while, clear signals of C and O are also observed in the
same region. This indicates the overlap of graphene on
the ZnO rod. It should be noted that C and O distribute
in thewholemapping region besides the ZnOposition.
The C signal is from the graphene extended out on
the substrate and the extra O comes from the quartz
substrate.
After graphenewas covered on the submicron-sized

ZnO rod, the lasing performance showed significant
improvement, as shown in Figure 6b, which displays
the excitation power density dependent PL spectra of
the hybrid microcavity. Like that shown in Figure 3b,
there is only one lasing peak appeared in the spectrum,
but it is much stronger and sharper than that from the
bare one. The lasing threshold of the hybrid micro-
cavity is reduced from 800 to 600 kW/cm2, while the
fwhm of the lasing peak is reduced from 0.98 to
0.25 nm, and the Q factor is increased from 400 to
1500. The lasing peak intensity of the hybrid micro-
cavity is about 4 times strong as that of the bare rod at
the same excitation power density of 1000 kW/cm2.
This improvement of the lasing performance can be
attributed to the coupling between the confined SP
wave of graphene and the emission optical field of
ZnO, as discussed above. As graphene was covered on
the submicron-sized ZnO rod, the optical field was
effectively confined in the hybrid cavity and the optical
gain is highly improved due to the strong spatial
confinement of the graphene SP.

CONCLUSION

In summary, single-mode UV lasing was realized in
a submicron-sized ZnO rod based on the systematic

Figure 5. Comparison between the enlarged UV part of
the spectrumof electronic excitation in graphene cited from
ref 44 and the PL enhancement ratio of ZnO sample with
graphene to without case. The black curve and red dots
denotes Despoja's calculation (ref 44) and Eberlein's experi-
ment (ref 46) result, respectively. The inset exhibits the PL
intensity of the ZnO sample with and without graphene
under fs laser excitation with the same power but different
wavelength.

Figure 6. (a) SEM image of the graphene-coated submicron-sized ZnO rod and its EDX elemental mapping images of C, Zn
and O in the red rectangular region. (b) PL spectra of this hybrid microcavity under different excitation power densities.
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investigation of ZnO WGM lasing on dependence of
the ZnO microrods diameters, and the lasing perfor-
mance was remarkably improved by facilely covering a
monolayer graphene on the submicron cavity. As
graphene was covered on the rod to construct a
graphene/ZnO hybrid microcavity in submicron scale,
the optical field was effectively confined and the optical
gain of the cavity was enhanced due to the coupling

betweengraphene SP and theZnOexciton emission. The
graphene SP coupled ZnO lasing improvement tech-
nique may open new opportunities for practical applica-
tions of ZnO lasers, as well as providing new designs for
realizing low-threshold single-mode lasers using other
types of micro/nanostructures. The results also represent
a significant technology in pursuit of ultrasmall lasers
even breaking through the diffraction limit.

MATERIALS AND METHODS
The hexagonal ZnO microrods were synthesized by a vapor

phase transport (VPT) method,49 no catalyst, carrier gas, or
vacuum conditionwas used in the experiment. Briefly, amixture
of high purity ZnO and graphite powders with definite mass
ratio of 1:1 was filled into a quartz boat as source materials, and
a cleaned silicon substrate was covered on the quartz boat. The
boat was then placed in the center of a quartz tube and the
whole assembly was put into a horizontal tube furnace.
ZnO microrods with different diameters can be achieved by
changing the temperature at range of 1000�1150 �C and the
growing time ranging from50 to 100min. Then somemicrorods
with different diameters were picked out and separately aligned
on a quartz substrate to construct whispering-gallery microcav-
ities. The monolayer graphene used in this experiment was
synthesized by a chemical vapor deposition (CVD)method.50 To
explore the impact of graphene on the ZnO lasing performance,
two kinds of microcavities were constructed for comparison,
one is the bare ZnO microrod microcavity, the other is the
graphene/ZnO hybrid microcavity, which was fabricated by
transferring a piece of monolayer graphene on the same ZnO
microrod.
The morphology of the bare and the hybrid microcavities

were characterized by field emission scanning electron micros-
copy (FESEM, Carl Zeiss Ultra Plus), and the element mapping
was carried out with the attached energy dispersive X-ray
spectroscopy (EDX, Oxford X-Max 50). To measure the optical
behaviors, the samples were excited by a 325 nm femtosecond
(fs) laser (pulse duration of 150 fs, repetition rate of 1000 Hz)
through a microphotoluminescence (μ-PL) system, where the
excitation lasing was focused by a microscope objective (40�),
the PL signals were collected by the same objective and recorded
by a CCD detector. The data was collected by an optical multi-
channel analyzer (Princeton, Acton SP2500i). All measurements
were performed at room temperature. Theoretical simulationwas
carried out using a finite difference time domain (FDTD) method
by setting the refractive indexes as nair = 1.0, nZnO = 2.45, and ε =
5.28 þ 7.78i for graphene according to previous reports.51,52

Similar simulation has also been done in our previous report.53
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