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The room temperature lasing action from a metal-coated GaN nanoring cavity was observed by

optical pumping. The GaN nanoring is 7 lm in diameter and 400 nm in width. The quality factor of

the cavity is approximately 860 with a threshold power density of 37.5 mJ/cm2. Such a device

performance was attributed to the combination of metal-coated nanocavity with whispering-gallery

modes. Moreover, the group index extracted from the experiment was 5.99 and was verified with

calculations and analyses of the lasing modes as well as their characteristics. The study showed a

promising way to further improve the performance of metal-coated nanolasers. VC 2011 American
Institute of Physics. [doi:10.1063/1.3671648]

Metal-coated nanocavities have been intensely studied

in recent years, attempting to shrink the sizes of semiconduc-

tor lasers into the subwavelength regime and improve the de-

vice performance. Different structures have been reported to

utilize the advantages of metal-coated nanocavities: Nanorod

with heterostructure was reported in 2007,1 and nanorod

with different distributed Bragg reflectors (DBRs) was also

demonstrated in 2010 and 2011, respectively.2,3 The bowtie

structure was proposed in 2008 theoretically.4 Furthermore,

in 2009, the combination of waveguide structure and metal

shielding layers was demonstrated by Hill et al., utilizing the

bulk semiconductor gain medium and waveguide modes of

the coupled surface plasmon due to the two interfaces

between the metal and active regions.5 In 2010, Yu et al.
demonstrated nanopatch lasers.6 Even though many struc-

tures have been proposed to utilize the advantages of metal-

coated nanocavities, the quality factors of these devices were

not high, and most of them were operated in cryogenic con-

ditions. The advantages of whispering gallery modes

(WGMs), including the good output coupling efficiency to

other optical devices and absence of extra feedback struc-

tures to form the standing wave, make nanoring structures

suitable for the development of photonic integrated circuits.

In 2011, the metal-clad ring structure was studied theoreti-

cally,7 and the quality factor and other scaling properties

were discussed. It is suggested that metal-coated nanoring

structures could be an attractive candidate of metal-coated

nanolasers. Later, Kim and Ku demonstrated metal-clad

nanoring laser experimentally, and the smallest ring was

about 1.2 lm in diameter and 300 nm in width.8,9 However,

the device only operated at cryogenic temperatures with a

quality factor of about 160.8 The advantages of ring struc-

tures have not been fully utilized.

In this paper, we demonstrate lasing in metal-coated

GaN nanoring at room temperature. The diameter of the ring

was about 7 lm, and the width of was 400 nm, which was

only 1.09 times of the lasing wavelength. An aluminum layer

was uniformly coated on the GaN nanoring to form the cav-

ity. From the experimental result, the quality factor was

approximately 860, and the threshold power density was

37.5 mJ/cm2. The lasing action at room temperature in

metal-coated nanoring with a high quality factor was

observed in the ultraviolet regime.

Compared to our previous work (Ref. 10), the device

size of the ring structure can be shrunk more while the qual-

ity factor, an important parameter for laser operation, could

be still higher. On the other hand, the group index estimated

from the experimental data was about 5.99. Such a high

group index could be attributed to the influences of metal

coating and frequency dispersion of GaN at high carrier den-

sities on the optical modes.

The device was fabricated on an undoped GaN layer

which acted as the gain medium and was 2 lm in thickness.

The GaN layer was grown on a C-plane (0001) sapphire sub-

strate by a low pressure metal-organic chemical vapor deposi-

tion (MOCVD) system. Figure 1 shows the schematic

diagrams of metal-coated GaN nanorings. First, a 300 nm

thick Si3N4 layer was deposited on the wafer as an etching

mask, and then a 300 nm thick polymethylmethacrylate

FIG. 1. (Color online) (a) Schematic diagram of the metal-coated GaN

nanoring laser. (b) Cross-sectional schematic diagram of the 7 lm-diamter

metal-coated GaN nanoring laser.a)Electronic mail: mhshih@gate.sinica.edu.tw.
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(PMMA) layer was coated on it for the following processes.

The e-beam lithography was used to define the nanoring pat-

tern on the PMMA layer. The pattern was then transferred to

the Si3N4 layer by the reactive ion etching (RIE) with CHF3/

O2 mixture. After that, the nanoring pattern was fabricated by

etching down to the undoped GaN layer using the inductively

coupled plasma reactive ion etching (ICP-RIE) with Cl2/Ar

mixture. All the remaining mask layers were removed by wet

etching. After the processes mentioned above, a uniform alu-

minum layer with a thickness of 50 nm was deposited on the

device by e-gun evaporation to form the metal-coated nanor-

ing cavity. The scanning electron microscope (SEM) image

of the metal-coated GaN nanoring was shown in Fig. 2. In the

fabrication, aluminum was adopted because its reflectivity

was higher than that of silver or gold in the ultra-violet

range,11 and lasing actions in Al-coated nanocavities have

been reported in previous works.10,12 Therefore, a good opti-

cal confinement in Al-coated GaN cavity is expected. In addi-

tion, to fully utilize the advantages of surface plasmon effect,

we did not insert a thin dielectric layer between GaN and

metal layer in our experiment. The device performance was

not significantly altered by this thin dielectric layer even

though it might reduce the optical loss from metal,13 and we

still observed lasing actions at room temperature.

To obtain the characteristics of metal-coated GaN

nanoring, we use a frequency-tripled Nd: YVO4 355 nm

pulsed laser with a pulse width of 0.5 ns and repetition rate

of 1 kHz to optically pump the device. The spot size of the

normally incident beam was approximately 50 lm. A 15�
objective lens was used to collect the light emitted from the

GaN nanoring through a multimode fiber and coupled into a

spectrometer equipped with charge-coupled device detectors.

We directly pumped the sample from the device top to avoid

the huge absorption from undoped GaN beneath the nanoring

structure, even though the metal layer might also reflect and

absorb the pumping power.

The peak lasing wavelength of the 7 lm-diameter GaN

nanoring was 363 nm with a quality factor of around 860,

and the threshold power density was approximately 37.5 mJ/

cm2. Figure 3(a) shows the photoluminescence (PL) spectra

of the 7 lm-diameter metal-coated GaN nanoring above and

below threshold pump power density. Figure 3(b) shows the

light-in and light-out curve (L-L curve) and also the line-

width of the lasing peak. The turn-on behavior on the L-L

curve indicates the lasing action of the metal-coated nanor-

ing laser. The threshold power density would have been

lower if photons of the pumping beam were injected into de-

vice more efficiently rather than being reflected or absorbed

by the adjacent area. The linewidth narrowing behavior of

the lasing peak in Fig. 3(b) could also be the proof of the las-

ing action. From the ratio of wavelength to linewidth (k/Dk)

around transparency, the quality factor of the device is about

860, which is the highest reported data for metal-coated

nanoring laser at room temperature. It is worth to noting that

the Al layer coated on the ring not only improves the optical

confinement for the GaN nanoring but also reduces the influ-

ence of surface roughness caused by the dry etching process.

Therefore, a high quality factor and a low lasing threshold

can be observed in the metal-coated nanocavity.

To further analyze the data obtained from micro PL

measurements, we calculate the group index from the spac-

ing of WGMs [ng¼ k2/(2pRDk)],14 where R (¼ 3.5 lm) is

the radius of the ring, and k is the lasing wavelength. The

spacing of WGMs can be extracted from the experiment

data. For the 7 lm-diameter nanoring, the wavelength spac-

ing is approximately 1 nm, and we obtained a group index of

about 5.99, which is higher than the refractive index of bulk

GaN in this wavelength range.15 We believe that the large

group index is due to the effects of metal coating and disper-

sive gain medium on the optical mode, which was also

reported in previous works.5,16 To confirm this picture, we

adopt a frequency-domain model which takes the frequency

dispersions of metal (Al) and GaN in the presence of gain

into account. The model is equivalent to a generalized

eigenvalue problem to be solved at each frequency and is

implemented with the finite-element method. The frequency-

dependent eigenvalues provide spectral characteristics of

cavity modes, and eigenvectors obtained at resonance are the

corresponding mode profiles. The details of the approach can

FIG. 2. The SEM image of the metal-coated GaN nanoring laser after the

deposition of aluminum.

FIG. 3. (Color online) (a) The PL spectra of metal-coated GaN nanoring

laser below and above threshold. (b) The light-in light-out curve of the

metal-coated GaN nanoring laser and linewidth of the lasing peak.
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be found in Ref. 17. The permittivity of Al is calculated with

the Lorentz-Drude model18 while that of the gain medium is

obtained based on the band structure of bulk GaN (using the

k�p method) and density-matrix formalism in the presence of

excessive electrons and holes, which explicitly takes the

Kramers-Kronig relation, and therefore the frequency disper-

sion of the gain medium, into account. These frequency-

dependent permittivities are then input into the model. The

theoretical group indices are estimated from the spectral

spacing of resonance peaks from calculations.

The cross sectional and the top views of the Eq profile of

WGM with the azimuthal number m¼ 147 are shown in

Figs. 4(a)–4(c), respectively. Fig. 4(b) shows the Eq mode

profile at z¼ 300 nm (along the white-dash line in Fig. 4(a)).

The field is well-confined in the metal-coated GaN nanoring,

which confirms that the lasing mode of our device is basi-

cally a hybrid mode, exhibiting both the characteristics of

whispering gallery mode in the GaN ridge and surface plas-

mon mode around the interface of Al metal layer and GaN.8

Taking the frequency dispersion of metal and gain medium

(GaN) into account, we calculate the resonance spectra

around the threshold to estimate the group index. In addition

to the dispersions from metal and ring structure, the gain in

GaN (at a carrier density�1019 cm�3) induces another dis-

persion component (positive slope with respect to frequency)

and also enhances the group index. As shown in Fig. 4(d),

the lasing wavelengths on the experimental spectrum agree

well with those on the theoretical resonance spectrum, and

the theoretical group indices are 5.2 when calculated from

the spacing of modes 145 and 146 and 5.7 from the spacing

between modes 146 and 147. The theoretical group indices

match well with the experimental value of about 5.99. This

confirms that under high carrier density (1018� 1019/cm3),

we could observe slow light effect in the metal-coated GaN

nanoring cavity. Compared to reported ultraviolet microdisk

or microring lasers,19,20 the metal-coated GaN nanoring laser

has a slightly larger diameter; however, this laser also exhib-

its a smaller mode profile (�500 nm � 350 nm) due to the

improved radial optical confinement from the Al metal layer.

In summary, room-temperature lasing with a high group

index in metal-coated GaN nanoring was demonstrated. The

quality factor and the threshold power density of the device

were approximately 860 and 37.5 mJ/cm2, respectively. We

observed high group index in our structure, which is attrib-

uted to the effects of metal and gain medium under high car-

rier density and is confirmed by our calculations. In addition,

from the theoretical mode profile, the lasing modes are

hybrid modes exhibiting the characteristics of both the whis-

pering gallery mode and surface plasmon mode. This result

shows a promising way to further shrink the size of the

metal-coated nanocavities and improve the device perform-

ance simultaneously.
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FIG. 4. (Color online) (a) The cross-sectional view of Eq mode profile of

the metal-coated GaN nanoring. (b) The Eq mode profile at z¼ 300 nm

(along the white-dash line in (a)). (c) The top view of Eq mode profile of the

metal-coated GaN nanoring. (d) The comparison between the experimental

and theoretical resonance spectra of metal-coated GaN nanoring.
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