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Abstract

CrossMark

Optically pumped whispering gallery mode (WGM) lasing has been observed in many
freestanding microdisk structures. Dry etching is normally used to fabricate the microdisks,
which causes severe sidewall damage, resulting in degradation of lasing performance, especially
for ultra-small electrically-injected devices. In this paper, we demonstrate high quality
microdisk cavities with 3.5 yum diameter, by combining a selective overgrowth approach and an
epitaxial lattice-matched distributed Bragg reflector (DBR), topped with a highly reflective
(>99%) dielectric DBR. InGaN polaritons are found to occur in the high-quality microcavities.
WGM modes are measured, with the positions in good agreement with finite difference time
domain simulations. Furthermore, lasing behaviour is observed with a threshold at 410 W and

a dominant mode at 488 nm.

Supplementary material for this article is available online
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(Some figures may appear in colour only in the online journal)

1. Introduction

III-V semiconductor micro-cavities have attracted large
interest for their application in high performance optoelec-
tronic devices [1, 2]. In particular, GaN-based microdisk
lasers are gaining increasing attention due to its large tuneable
potential band gap range covering from Ultraviolet to visible
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light [2], high quantum efficiency [3], and ultra-low threshold
of lasers [4]. Many recent works have focused on making
microdisk lasers by forming a GaN-air cavity with freestand-
ing structures [5, 6]. The microcavity structures are usually
fabricated by means of dry-etching processes, which produces
surface damage on side walls. It will result in enhanced non-
radiative recombination and degradation in optical perform-
ance [7]. The issue becomes more severe with decreasing the
dimension of microdisks due to the large surface-to-volume
ratio [8]. Though lots of research has been carried out to reduce
plasma-induced damage through passivation using dielectric
materials such as SiO,, the issue remains severe, especially for
electrically-driven devices due to unavoidable current leakage
and degraded electrical injection [9, 10]. Moreover, it is a chal-
lenge to integrate the microcavities into electronic devices due

© 2022 The Author(s). Published by IOP Publishing Ltd
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Figure 1. (a) Top down SEM image of the array structure (b) cross-sectional SEM of the nanoporous InGaN/GaN distributed Bragg

reflectors.

to their delicate nature. While such electrically-driven lasers
haven been realised, the reports show that only single microd-
isk can be excited at one time [10-13].

Recently, a different approach to creation of InGaN-based
micro light-emitting diodes («LEDs) is developed [4, 14]. By
employing a selectively overgrowth method, the xLEDs can
be formed inside a GaN micro-hole array with a SiO, mask.
Compared to conventional etching methods, it can avoid the
plasma-induced damage to side walls. Furthermore, the SiO,
mask provides an easy way to achieve micro-devices based on
the overgrown microdisk array epi-wafers.

To develop these devices into a vertical cavity surface
emitting laser (VCSEL), high performance distributed Bragg
reflectors (DBRs) will be required. Recently, nanoporous GaN
(NP-GaN) have been reported as a method to create high
reflectance lattice-matched GaN DBRs [8, 15-17]. It offers
an alternative to other epitaxial GaN-based DBRs that usu-
ally require many pairs of alternating layers before achiev-
ing desired results such as AIGaN/GaN [18]. In this paper, we
will demonstrate high quality InGaN-based microdisk cavities
with 3.5 pm diameter, which includes a bottom NP-GaN DBR
and a top dielectric DBR. Optically-pumped whispering gal-
lery modes (WGM) have been measured and lasing behaviour
is obtained with a threshold at 410 W and a dominant mode
at 488 nm.

2. Experiments

Our InGaN-based micro-disk arrays are grown on a pat-
terned GaN template by metal organic vapour phase epi-
taxy (MOVPE). First, the GaN template is grown on a
c-plane sapphire substrate using a standard two-step growth
method using MOVPE. It starts with a undoped GaN layer
and 11 pairs of alternating highly silicon doped n-type
GaN (n-GaN)/undoped-GaN (u-GaN) DBR, followed by a
600 nm n-GaN layer with a doping level of 5 x 10" cm’.

Then a SiO, dielectric layer is deposited on top of the as-
grown template, approximately 500 nm thick, using a stand-
ard plasma enhanced chemical vapour deposition technique.
Afterwards, the template is then patterned by photolithography
and etched down to the n-GaN layer, using inductively coupled
plasma to create micro-hole arrays with a diameter of 3.6 um
and an interpitch of 2 um. Finally, the patterned template is put
into the MOVPE again for further growth of an InGaN/GaN
light-emitting diode (LED) structure. It is composed of a start-
ing n-GaN layer, an InGaN pre-layer with 5% indium con-
tent, and five periods of multi quantum wells (MQWs) with
2.5 nm InGaN well and 13.5 nm GaN barrier, topped with
a 20 nm p-type Alp,GaggN layer and a final 200 nm p-type
GaN layer. Due to the SiO, dielectric mask, the overgrowth
only happens in the micro-holes, forming an array of grown
pLEDs, as shown in figure 1(a). Through modifying the dia-
meter and interpitch of photomasks, micro-LED arrays with
different sizes can be grown.

In order to form a lattice-matched DBR structure from the
highly doped n-GaN/u-GaN layers, electrochemical-etching
(EC) is performed on the uLED array sample. The EC pro-
cess is conducted in 0.3 M nitric acid at 6 V bias for 30 mins,
with the ©LLED sample as an anode and a Pt plate as cath-
ode. Figure 1(b) is a typical scanning electron microscopy
(SEM) image of an EC-etched microdisk sample. It can be
seen clearly that the highly doped n-GaN layers have become
nanoporous. There is a large difference in the refractive indices
between the NP-GaN layer and the u-GaN layer, which res-
ults in a high reflectivity of the lattice-matched DBR. To
finally form a VCSEL cavity, a dielectric lambda quarter
DBR is deposited on top of the uLEDs composed of six
pairs of SiO,/SiN layers. In this work, 3D finite difference
time domain (FDTD) simulations are used to help design
the high quality microcavity. The thicknesses of each layer
for the dielectric DBR, with 85 nm for SiO, and 61 nm for
SiN, are supposed to be most effective by means of FDTD
simulations.
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3. Results and discussion

To achieve high quality cavities with lasing behaviour, microd-
isks need to be formed, because strong coupling between the
photons and excitons is expected to form in such structures,
creating exciton polaritons [19, 20]. However, it is difficult to
observe exciton polaritons in InGaN MQWs due to the large
inhomogeneity broadening [21]. Therefore, to enhance the las-
ing chances, the structure has been designed to obtain a large
stopband for a greater wavelength range of modes, allowing a
greater chance of polaritons to be observed.

Figure 2 shows reflectance of the microcavity along with
two respective DBRs: one is an EC-formed lattice-matched
NP-GaN/GaN DBR, and the other one is a dielectric DBR
deposited on sapphire. As shown in figure 2, both the
NP-GaN/GaN DBR and the dielectric DBR have central
wavelengths at 460 nm and 470 nm, respectively, with large
stopbands of >92 nm, and high reflectance of >95%. Though
there is a small difference in the central wavelengths, the stop-
bands of the two DBRs have a sufficient overlap, allowing
formation of optical modes in the green wavelength range.
Further optimisation of the structures could enlarge the stop-
band overlap of the two DBRs. The overall reflectance of the
microcavity is observed to have four dips, which agrees with
several modes observed in both experimental and FDTD spec-
tra, which will be discussed later in the paper.

Angled reflectivity measurements have been carried out at
room temperature to investigate polariton characteristics in the
microcavities. The microcavities are illuminated with a broad-
band unpolarised high-density plasma light source and a cal-
ibrated reflectance as a reference. The reflected light is col-
lected into an Andor 500i monochromator and analysed with
a Newton couple charged device (CCD). Figure 3(a) shows
reflectance as a function of the varying angle for a microcav-
ity between a NP-GaN/GaN DBR and a top dielctric DBR.
The 0° angle means the direction perpendicular to the plane
of the microcavity. An overall blue shift in emissions can
be observed for all modes. However, the 2.95 eV (420 nm)
mode becomes weaker before disappearing at around 60°.
Figure 3(b) plots the photon energies of the modes as a func-
tion of the varying angle for the microcavity. It reveals a slight
anti-crossing behaviour at 2.77 eV, where the upper and lower
branches of the polariton begin to ‘repel” each other after clos-
ing in. The photon energy, at which the mode disappears, can
be used as the energy of the exciton. In this case, it is observed
to be 2.77 eV. The energy of the photon can be determined by
fitting the data with the coupled harmonic coupling model, as
expressed by equation (1)

1
ErpEvp = = [Eexe + Eph + 02+ (Eexe + Eph)2 (D
2

where € is Rabi splitting, Ey pEyp is energy of lower and upper
branches, Ec. is energy of exciton during coupling, and E,, is
energy of photon where the anti-crossing begins [22]. The cal-
culated curves for the upper and lower polariton (UP and LP)
dispersion seem to fit the experimental data. In this work, the
rabi splitting for the microcavities is 5 meV. A lot of similar
studies have been performed while a major part focus on bulk
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Figure 2. Reflectivity spectra of the microcavity, a lattice matched
NP-GaN/GaN, and a dielectric DBR. Showing both have high
reflectivity DBRs > 95% both covering a range between

480-500 nm. The combined cavity creates a reflectance spectrum
with dips representing apparent modes.

GaN [22] or planar MQWs [23, 24]. Nevertheless, a work on
GaN based microcavities has been reported to achieve a high
Rabi splitting value of 30 meV [25]. To further increase the
rabi splitting would require the optimisation between the cav-
ity resonance and InGaN exciton.

Figure 3(c) presents the angular reflectivity of the
microcavity without the top dielectric DBR. It has a larger
separation compared to the microcavity with two DBRs, sug-
gesting the increased cavity length when adding a top DBR.
This is probably due to that the reflectivity of DBR becomes
>95% midway through the DBR structure. Plotting of the
mode energies against the angle is shown in figure 3(d).
It exhibits a linear change in wavelength for both the two
modes with a constant separation, proving that polariton only
forms in the enhanced cavity. Demonstration of the polariton
behaviour combined with the rabi splitting value indicates
that the microcavity created along with a lattice-matched
NP-GaN/GaN DBR and a top dielectric DBR is capable of
high-quality confinement required for lasing behaviour [23].

Furthermore, power-dependent photoluminescence (PL)
measurements are performed at room temperature to investig-
ate optical characteristics of the microcavities with emphasis
on its lasing properties. The measurements are carried out
with a commercial confocal microscopy system equipped with
a high-resolution x—y—z piezo-stage allowing the excitation
and emission collection from a single micro disk device. The
devices are non-resonantly excited using a 375 nm continuous
wave laser, and the emission is then collected into a mono-
chromator and detected with a CCD. The laser spot size allows
for spatial resolution for up to 200 nm, approximately 100 nm
in diameter. The emission exhibits a series of spectral peaks
which are associated with optical modes. Figure 4(a) displays
power-dependent PL spectra with excitation powers from 30 to
800 W of the microcavity. The emission intensity increases
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Figure 3. (a) Angular reflectivity spectra of the microcavity between a NP-GaN/GaN DBR and a dielectric DBR. (b) Photon energy vs
angle of the microcavity bewteen a NP-GaN/GaN DBR and a dielectric DBR. (c) Angular reflectivity spectra of a micro cavity without a top
DBR. (d) Photon energy vs angle of the microcavity without a top DBR.

constantly with the increase of the power. When the power is
above a few hundred W, the intensities of two emission peaks
at 488 nm and 511 nm begin to go through a nonlinear change
in the spectra, and both the two peaks are narrowing quickly.

It shows that the two main peaks are located at 488 nm and
511 nm with an approximately 20 nm separation. It does not
agree with the theoretical spacing of vertical Fabre—Perot (FP),
or circular WGMs for the microcavity between two DBRs, as
estimated by equation (2).

)\2

AN = 2
A nlL

@

where ) is peak wavelength, n is refractive index, L is cavity
length [19].

However, upon closer examination there are a few other
modes, like modes at 479 nm, 502 nm and 523 nm with a smal-
ler average separation of 11 nm, as shown in the inset detail.
Combined with the main peaks, these could be ascribed to
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Figure 4. (a) Power-dependent photoluminescence spectra excited with powers from 30 pW to 800 W of an InGaN/GaN microcavity.
The main peak at 480 nm shows a dramatic increase in intensity from 410 ;4 W. The inset shows smaller mode peaks of 479 nm, 502 nm and
523 nm in detail. (b) Integrated intensity and FWHM of the peak at 488 nm mode as a function of excitation power with a log-log scale.

WGMs from the circular confinement in the microcavity. The
overlap between the two types of modes causes interference,
making them hard to separate. Optimisation in the structure by
supressing one set of modes could further enhance the emis-
sion. Based on the reflectivity measurements, the shorter peak
could also be a polariton mode. At certain wavelengths, both
types of mode could be formed, which can be separately activ-
ated by passing through different lasing thresholds [18]. This
could explain why the sudden narrowing of the peak appears
to happen twice while increasing with power in figure 4(a).

Figure 4(b) shows the integrated intensity and the full width
half maximum (FWHM) of the peak at 488 nm as a function of
excitation power with a log—log scale. It demonstrates a dra-
matic increase in the integrated intensity above a certain power
threshold, which is a typical indicator of lasing behaviour
[26]. The lasing threshold can be calculated to be 410 uW,
corresponding to a power density of 40 kW cm™2. Similar
sized free standing micro disks as reported by Tabataba-Vakili
et al have a threshold of 18 kWcm™?2 though at a shorter
wavelength [27]. This lasing threshold is higher compared to
micro lasers in other reports, which can be attributed to the
non-optimisation of the microstructure. It is noted that the
FWHM shows a clear decreasing trend with increasing the
power. Especially, the peak narrows dramatically from above
400 W with the FWHM decreasing to 4 nm finally, which
further confirms a stimulated emission [28].

The positions of modes within the microcavity have been
calculated by standard FDTD simulations. For simulation, the
electric field is injected by a plane wave source, which is
placed above the top DBR, with an emission wavelength of
400-700 nm. The geometrical data of our devices are from

the in-situ growth characterisation. Monitors, placed inside the
cavity, are used to determine the decay in the electric field and
the wavelengths of resonant modes. The boundary conditions
are set as periodic on X, Y and perfectly matched layers in the Z
dimension to reduce the simulation requirements. The effect-
ive indices of the nanoporous layers are approximated from
the volume average theory using equation (3), as the scattering
factor y = md (.2, where d is the diameter of the nanopore

A
[8, 15, 29].

fpor = [ (1= ) ngax + gy 2 3)
where npor, nGaN, Mair and @ are the effective refractive index of
the nanoporous layer, refractive index of GaN, refractive index
of air and porosity, respectively [30]. The porosity is assumed
to be 0.5 from SEM images, leading to npe = 1.9.

Figure 5 displays both the WGM and the FP modes of
the microcavity obtained by the FDTD simulation. The black
arrows show the lasing modes of 488 nm and 511 nm, and
some higher order modes. It shows that the positions of the
simulated modes are in line with the stimulated emissions
in the experimental spectra. In the simulation, the WGM
and FP modes have an average separation of 8.7 nm and
34.8 nm, respectively. Compared to the simulated FP modes,
the mode separation for the simulated WGM is closer to the
experimental mode separation average of 11 nm. It is worth
noting that between both the two mode systems have one
mode at around 485 nm, which could lead to a competition,
finally limiting the efficiency of the microcavity. Supress-
ing one mode system by reducing the size (either radially
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Figure 5. FDTD simulation of the microcavity showing FP and WGM modes. Black arrows show the lasing modes of 488 nm and 511 nm,

and some higher order modes.

or vertically) should further improve the performance of the
microcavity [31].

4. Conclusion

In this study, we have reported a new method of creating
InGaN/GaN MQW microdisk arrays through overgrowth of
MQWs on a patterned GaN template. Based on the microdisk
array, a high quality microcavity has been achieved by form-
ing a highly reflective lattice-matched NP-GaN/GaN DBR on
bottom and a dielectric DBR on top. Optical pumping meas-
urements have demonstrated a stimulated emission at 488 nm
with a threshold of 410 4W. The 3D FTDT simulations are in
good agreement with the experiment in terms of the mode pos-
itions. While the performance can be further enhanced with the
structure optimisation, the InGaN-based microdisk arrays are
great candidates for creating high quality microcavities with
lasing properties.
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