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Abstract: Microdisks fabricated with III-nitride materials grown on GaN substrates are demon-
strated, taking advantage of the high material quality of homoepitaxial films and advanced
micro-fabrication processes. The epitaxial structure consists of InGaN/GaN multi-quantum wells
(MQWs) sandwiched between AlGaN/GaN and InAlN/GaN superlattices as cladding layers for
optical confinement. Due to lattice-matched growth with low dislocations, an internal quantum ef-
ficiency of∼40% is attained, while the sidewalls of the etched 8 µm-diameter microdisks patterned
by microsphere lithography are optically smooth to promote the formation of whispering-gallery
modes (WGMs) within the circular optical cavities. Optically pumped lasing with low threshold
of ∼5.2 mJ/cm2 and quality (Q) factor of ∼3000 at the dominant lasing wavelength of 436.8 nm
has been observed. The microdisks also support electroluminescent operation, demonstrating
WGMs consistent with the photoluminescence spectra and with finite-difference time-domain
(FDTD) simulations.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

GaN-based visible-light edge-emitting laser diodes are now widely used as sources for a wide
range of applications including optical storage (blu-ray), laser lighting display, visible-light
communications, as well as optical spectroscopy amongst many others [1–3]. With growing
interests in integrated photonic systems, alternative laser diode geometries that are more suited
for monolithic integration are extensively studied, such as vertical-cavity surface-emitting lasers
(VSCELs), photonic crystal lasers and microdisk lasers [4–7]. Amongst these options the
whispering-gallery mode (WGM) microdisk laser stands out owing to its simple geometry and
thus simplicity of fabrication and processing, whilst offering lasing with low threshold and
high quality factors through superior optical confinement associated with the circular cavity
without the need for additional mirrors [8–11]. Coupled with the high gains and wide wavelength
coverage of the InGaN/GaN quantum wells, the prospects of the GaN microdisk lasers are very
promising [12–14]. GaN light-emitting diodes and laser diodes are commonly grown on sapphire
or Si substrates with lattice mismatch of ∼14% and ∼16% respectively, leading to dislocation
densities in excess of 108 cm−2 and 109 cm−2 [15–17]. It is well known that the internal quantum
efficiencies of the quantum wells are sensitive to the dislocation densities; as a matter of fact,
the optical confinement of microdisks is also dependent on this factor [18,19]. Dislocations
induce sidewall striation and roughness during etching of the microdisks which promote optical
leakage and are thus detrimental to optical confinement [20,21]. The growth of GaN device
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structures on bulk GaN substrates circumvents these shortcomings, as low dislocation densities
can be expected of homoepitaxy. On the other hand, this homoepitaxial structure does not allow
the formation of an undercut, which is the common way of fabricating GaN-on-Si microdisks
[22–25]. The Si material beneath the dry-etched GaN microdisks can selectively be removed
by wet etching to create an undercut which optically isolate the microdisk from the substrate
to further improve optical confinement [26,27]. For the GaN-on-GaN microdisks, additional
nitride-based waveguiding layers are inserted into the device structure, which would not provide
the same degree of reflectivity as the air-nitride interface through undercutting due to the low
refractive contrasts between nitride materials [28]. Would the benefits associated with the GaN
substrate outweigh the reduced optical confinement in the vertical direction?

In this work, both optical-pumped and electroluminescent GaN microdisks on GaN substrates
are demonstrated, taking full advantage of the qualities of homoepitaxially grown films. The
microdisks are patterned and dry etched through silica microspheres to produce smooth sidewalls
and little deviations from circularity [29,30]. The lasing threshold and the Q-factor of the GaN-on-
GaN microdisks are evaluated and compared with its GaN-on-Si counterpart. Whispering-gallery
modes are observed from the continuous-wave (c.w.) electroluminescence spectra. The optical
properties of the microdisks are understood with the aid of 3D finite-difference time-domain
(FDTD) simulations.

2. Device structure and fabrication

The microdisks are fabricated on a wafer grown by metal-organic chemical vapour deposition
(MOCVD) on a GaN substrate that was grown by hydride vapor phase epitaxy (HVPE) from Saint
Gobain Lumilog with a dislocation density of about 107 cm−2: The heterostructure consists of 4
periods of In0.15Ga0.85N/GaN (2 nm/16 nm) multi-quantum wells (MQWs), sandwiched between
p-type top cladding/ p-GaN waveguide and n-type bottom cladding/ n-GaN waveguide structures
for optical confinement. The top and bottom cladding layers comprise of 105 periods of p-
Al0.14Ga0.86N/p-GaN (2.5nm/2.5nm) 8 periods of n-In0.2Al0.8N/n-GaN (54nm/8nm), respectively.
The structure is capped with 25nm of p++ GaN. Details of the structure, superimposed onto the
cross-section of a schematic microdisk, are illustrated in Fig. 1(a). No V-pits were identified
from the 30 µm x 30 µm atomic force microscope (AFM) scan of the wafer surface as shown in
Fig. 1(b), indicating of its low dislocation density, a consequence of lattice-matched epitaxy. The
purpose of the thin GaN layers introduced within the AlInN cladding layer was to prevent any
development of V-pits, which would otherwise appear in AlInN after a thickness of 50 to 80 nm
[31].

The microdisks were fabricated by microsphere lithography, which provides an efficient and
convenient method of defining circular mesa structures with excellent etch selectivity, the process
flow of which is depicted in Fig. 2(a) to (f). The process begins with the deposition of a bi-layer of
Ni/Au (6nm/6nm) by electron-beam evaporation on the wafer in Fig. 2(a) as a p-contact layer, as
shown in Fig. 2(b). This step is omitted for the optically pumped microdisks. Silica spheres with
diameters of ∼8 µm are dispersed in de-ionized (DI) water; the microsphere suspension is then
dispensed onto the wafers using a micro-pipette, as illustrated in Fig. 2(c). The wafer is etched
for ∼180s using BCl3/Cl2 (5sccm/10sccm) gases by inductively-coupled plasma (ICP) etching to
form microdisks as depicted in Fig. 2(d), under etch conditions of 450W of coil power, 100W
of platen power at 5 mTorr of chamber pressure. The etch terminates within the n-GaN layer
with a total etch depth of ∼1.4 µm. After removal of the residual microspheres by sonification
in DI water, the GaN microdisks are formed as shown in Fig. 2(e). Finally, Ti/Au (6nm/6nm)
n-contacts are formed by electron-beam evaporation and lift-off on the exposed n-GaN surface,
as shown in Fig. 2(f). Similarly, this step is omitted for the optically pumped microdisks.

A fabricated microdisk is shown in the scanning electron microscope (SEM) image of Fig. 3(a),
while a magnified view of the sidewall is shown in Fig. 3(b), which reveals high levels of
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Fig. 1. (a) Schematic diagram of microdisk, showing the cross-sectional epitaxial structure;
(b) 30×30 µm2 AFM image of the starting wafer.

Fig. 2. Schematic diagrams depicting the process flow for the fabrication of electrically
free-standing microdisk.(a)Epi-layers of the wafer (b) Ni/Au (6 nm/6 nm) is e-beam deposited
over the sample; (c) Spin coating of distributed silica microdisks; (d) ICP dry etching;
(e)Microsphere removal by sonification to form microcavity; (f) Ti/Au (6 nm/6 nm) is e-beam
deposited as n-pad.
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smoothness with hardly any striations apart from a few pits, which are formed as a result of
ion bombardment during etching. The smoothness is particularly apparent when compared to
microdisks fabricated on GaN-on-Si wafers using an identical process, as shown in Figs. 3(c)
and (d), where a high density of vertical striations is clearly visible. The formation of striations
is attributed to the concurrence of the sidewall edge with a threading dislocation, which gets
enlarged during etching [24]. As such, the smoothness of the sidewall corroborates with the
low dislocation densities of the GaN-on-GaN wafer, which also contributes to the internal
quantum efficiency (IQE) of ∼40% of the MQWs as determined from temperature-dependent
photoluminescence spectroscopy (See Supplement 1, Section 1). On the other hand, the higher
densities of V-pits on the surface of the GaN-on-Si wafer as shown in Fig. S2 of Supplement 1 is
linked to the high densities of striations on the sidewall, as well as the lower IQE of ∼26%.

Fig. 3. SEM images of the (a) GaN microdisk on GaN substrate and a close-up view of its
etched sidewall in (b). (c) shows the GaN microdisk on Si substrate, and a close-up view of
its etched sidewall in (d).

3. Results and discussion

3.1. Optically-pumped lasing

The microdisks are subjected to optical-pumping at room temperature in a micro-photoluminescence
(µ-PL) configuration using a diode-pumped solid-state (DPSS) pulsed laser (Spectra Physics
Explorer) at the wavelength of 349 nm, pulse width of 4 ns and repetition rate of 1 kHz, as
an excitation source. The PL signals are probed with an optical fiber, dispersed by an Acton
SP2500A 500 mm spectrograph and detected by a Princeton Instruments PIXIS open-electrode
charge-coupled device (CCD). The fiber probe is placed in the near-horizontal plane at an angle
of ∼20°. From the PL spectra plotted in Fig. 4, distinct optical resonances can be observed upon
increasing the excitation energy. A spectral peak centered at ∼436.8 nm emerges when the energy
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density reaches ∼3.7 mJ/cm2, becoming dominant with a further increase of excitation energy,
together with the emergence of additional spectral peaks at ∼434 nm and ∼440 nm.

Fig. 4. Room-temperature µ-PL spectra of the microdisk with increasing excitation energy
densities.

Finite-difference time-domain (FDTD) simulations are performed to identify the spectral
peaks, modelling a GaN microdisk structure with a diameter of 8 µm. The diagram shown
in Supplement 1, Section 3(e) illustrates the field-intensity map within the microdisk at the
wavelength of 436.8 nm, corresponding to the dominant lasing mode in the PL spectrum. It can
be seen that the highest field intensities are evenly distributed along the edge of the microdisk,
which can be ascribed to first-order WGMs.

The free space range (FSR) varies between 2.98 nm and 3.08 nm depending on the wavelength
as calculated from the equation FSR= λ2/2πneffR using the parameters of neff = 2.5 and R= 4
µm, while the optical modes are calculated using the equation mλ= 2πneffR, where m is the
azimuthal mode order. The resonances in Fig. 4 correspond to WGMs with m of 142, 143, and
144, respectively. These calculated results are consistent with FDTD simulations and have a good
agreement with the experimentally measured WGM wavelengths.

From the log-log plot of integrated PL intensity with increasing excitation energies shown in
Fig. 5(a), the threshold of lasing is determined to be about 5.2mJ/cm2 for λ=436.8 nm. From the
S-shape log-log plot the PL intensity increases linearly with increasing excitation energy density
below the threshold, beyond which the increase in PL intensity becomes nonlinear, indicating
the onset of lasing. This is further supported by the evolution of spectral line-width plotted in
Fig. 5(b), where a marked reduction of the full-width at half-maximum (FWHM) from 0.42 nm
to 0.14 nm around the threshold is observed. Additionally, a Q factor of ∼3000 is determined
according to the equation Q=λ⁄∆λ just below threshold. The increase in spectral line-width at
higher energy densities is attributed to a combination of heating and the chirp effect [32]. The
parameters are compared to that of a microdisk fabricated on a GaN-on-Si wafer with an epi-layer
thickness ∼2 µm; details of the wafer growth and structure have been reported previously [22,24].
The GaN-on-Si microdisks are fabricated using the same process and under identical conditions,
with the exception of the additional undercut by wet etching. Table 1 lists the lasing thresholds

https://doi.org/10.6084/m9.figshare.14810289
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and Q-factors of the microdisks on both substrates. It is clear that the GaN-on-GaN microdisk
has a distinctive edge over the GaN-on-Si microdisk, with a marked reduction in threshold and
increment of Q-factor, suggesting that a larger fraction of spontaneous emission is coupled into
the lasing mode, resulting in the lower threshold. It should be noted that with an absorption
coefficient of ∼8× 103 cm−1 at 349 nm [33], there will be appreciable attenuation of the excitation
laser signal before penetrating into the active region, so that the actual lasing thresholds are
expected to be lower than the measured values. Additionally, attenuation is much stronger in the
thicker p-GaN layers (including the contact and cladding layers) of the GaN-on-GaN microdisk
of ∼28%, compared to ∼7% from the thinner p-GaN layer of the GaN-on-Si microdisk. In spite
of the higher absorption losses as well as reflection losses arising from the multiple interfaces in
the cladding layer assuming negligible absorption in the AlGaN layers of the cladding [34–36],
the lasing threshold of the GaN-on-GaN microdisk is still lower than that of the GaN-on-Si
microdisk.

Fig. 5. (a)Log-log plot of PL peak intensities for the lasing spectral peak at λ=436.8 nm
under varying excitation energy densities, and (b) the trend of spectral width (FWHM) with
varying excitation energy densities.

Table 1. Comparison of microdisks on GaN substrate and Si substrate

GaN on GaN GaN on Si

Threshold(mJ/cm2) 5.2 8.3

Q factor 3000 1800

Dislocation density (cm−2) < 1× 107 > 108

Sidewall roughness Smooth Rough

Apparently, the smoothness of the sidewalls of the GaN-on-GaN microdisk plays an important
role in promoting optical confinement laterally for the formation of WGMs; however the refractive
index difference of ∼0.2 between the AlGaN/GaN and AlInN/GaN superlattice claddings with
GaN leads to substantial mode leakage in the vertical direction. On the other hand, rough
sidewalls on the GaN-on-Si microdisks makes scattering losses inevitable, but the large refractive
index difference between the undercut GaN microdisk and the air is huge (∼1.5), providing optical
confinement within the microdisk. To compare optical confinement between the two microdisks,
3D-FDTD simulations are conducted. Details of the simulation are provided in Supplement 1,
Sections 3 and 4. The simulated cross-sectional field intensity profiles of the GaN-on-Si and
GaN-on-GaN microdisks are shown in Fig. 6(a) and (b) respectively, together with the layer
structures used in the simulation models. The sidewalls are modelled to be perfectly smooth in
the simulations. It can be seen that the maximum field intensities of the GaN-on-Si microdisk

https://doi.org/10.6084/m9.figshare.14810289
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are nearly 10 times higher than the GaN-on-GaN microdisk owing to the large refractive index
difference, and that the modes overlap well with the MQW gain region in both structures. While
the embedded cladding/waveguide structure of the GaN-on-GaN microdisk is inferior to the
reflectivity of the GaN/air interface of the GaN-on-Si microdisk, it is more than compensated by
the higher IQE of the MQWs, better mode confinement in active region as well as the sidewall
smoothness thanks to its low dislocation densities. Also, the strong vertical confinement by air
makes the GaN-on-Si microdisk more sensitive to the roughness of the air/nitride interface, again
increasing the losses.

Fig. 6. Cross-sectional 3D simulation of (a) GaN microdisk on Si substrate.(b) GaN
microdisk on GaN substrate.(c) 6 nm/6 nm Ni/Au capped GaN microdisk on GaN substrate.
The top and left edges of the diagrams correspond to the microdisk top and sidewall surfaces
respectively. The scale bar shows the intensity of electric field in log scale.

3.2. Electroluminescence

Current injection into the microdisks is achieved by the deposition of metal contact pads, as
depicted in the process flow shown in Fig. 2. Emission of light from the microdisk at a bias voltage
of 7 V is shown in the micrograph of Fig. 7(a), while the current-voltage (I-V) characteristics
of the device is plotted in Fig. 7(b), from which a turn-on voltage of 3.8 V is observed. The
room temperature electroluminescent signals from microdisks at dc current densities of 0.004 to
0.56 kA/cm2, collected with an optical fiber in an identical configuration as the measurement of
optically pumped microdisks, are presented in Fig. 8.
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Fig. 7. (a) Micrograph showing light emission from a microdisk under electrical injection;
(b) I-V characteristic of the electroluminescent microdisk.

Fig. 8. EL spectra with increasing applied bias currents.

From the EL spectra, modal features at the wavelengths of 434 nm, 437 nm, 440 nm, 443 nm,
446 nm and 449 nm are visible when the injection current density exceeds 0.3 kA/cm2. According
to the equation mλ=2πneffR, the six spectral peaks can be attributed to WGMs with azimuthal
mode orders of 139, 140, 141, 142, 143 and 144, respectively. The WGM wavelengths, together
with the FSR of 3 nm, are consistent with those measured under optical excitation. The Q factor
of the mode at 446 nm was ∼500, with a FWHM of ∼0.9 nm, which is significantly lower than
that obtained under optical pumping.

One reason for the shortfall is that the Q factor for the optically-pumped microdisk is determined
just below the lasing threshold, while that of the electroluminescent microdisk is evaluated far
below threshold conditions. The microdisk is unable to sustain operation beyond 0.56 kA/cm2 due
to thermal effects, evident from the increase of spectral line-widths with increasing currents, which
in turn may be attributed to reduced optical confinement in the electroluminescent microdisks.

The Q factor is affected by many factors related to absorption and scattering loss [36,37]. The
presence of the Ni/Au (6 nm/6 nm) contact over the microdisk can potentially lead to pronounced
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absorption. To verify this postulation, an additional 3D-FDTD simulation is carried out on the
GaN-on-GaN microdisk structure, this time with the inclusion of the metal film on the top. The
simulated field intensity map, plotted in in Fig. 6(c), shows that the maximum electric field
density overlapping with the MQWs is reduced by nearly 7 times compared to the structure
without the metal contact layer. This observation highlights the contradicting roles of the metal
layer as a contact and as an absorber, prompting further studies on its optimization in terms of
choice of materials and thicknesses. Nevertheless, WGMs at electroluminescence are observed,
paving the way towards electroluminescent lasing [38,39].

4. Conclusion

Microdisks comprising InGaN/GaN MQWs, AlGaN/GaN and InAlN/GaN superlattices as optical
confinement layers on a GaN substrate is demonstrated in this work. The microdisks are patterned
by microsphere lithography, producing microdisks of excellent circularity after etching. The
microdisks benefits from the low dislocation densities of the lattice-matched epitaxy in the form
of higher IQEs and sidewall smoothness, promoting gain and optical confinement. Optically
pumped lasing has been observed with a lasing threshold of ∼5.2 mJ/cm2 with a Q factor of
∼3000 and FSR of ∼3 nm. The electroluminescent microdisks showed similar WGMs albeit with
reduced Q factor of ∼500. The reduction of Q-factor and the lack of lasing is attributed to strong
absorption of the metallic contacts with the aid of FDTD simulations, calling for a re-design and
optimization of the current injection scheme to the microdisks.
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