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In this work, we have developed a simple GaN-based microcavity (MC) with an intracavity shallow etched mesa. The textured GaN-based MC
incorporated two high-reflectivity dielectric Bragg mirrors and an InGaN/GaN multiple quantum well with a shallow etched mesa as an optical
confined structure. Lasing and transverse optical confinement characteristics have been verified by measuring devices with different mesa
diameters. A quality factor (Q) of 2600 and a threshold energy of 30 nJ have been observed in a 10-um-diameter device. Such a cavity structure
could be implanted into electrically pumped GaN vertical-cavity surface-emitting lasers for supporting efficient transverse confinement.

© 2014 The Japan Society of Applied Physics

conductor active layer have been utilized in various

optoelectronic applications, especially laser devices.
A typical example is the vertical-cavity surface-emitting
lasers (VCSELSs), which are driven by photonic stimulated
emission.) As the active layer exhibits a strong excitonic
feature, the MC could enter into the strong coupled
polaritonic regime through strong exciton—photon coupling
and achieve an ultralow-threshold polariton laser through the
polaritonic stimulated scattering.”) Among so many semi-
conductor materials, GaN and its ternary and quaternary
alloys are regarded as the most popular material systems
for novel MC polaritonic emitters and vertical-cavity laser
devices owing to their large exciton binding energy
(~26meV) and wide spectral tuning range in the ultra-
violet-visible region.>® Generally, the GaN-based MCs
could be divided into three major types from their distributed
Bragg reflector (DBR) compositions: all-epitaxial, epitaxial-
dielectric hybrid, and all-dielectric.>™'" So far, the optically
pumped polariton lasers, electrically pumped VCSELs,
and polariton LEDs have been demonstrated using planar
GaN-based hybrid MCs.'>"'Y However, the efficient lateral
optical confinement among these devices is still lacking and
limiting their performance. In 2011, Cheng et al. successfully
achieved a high-quality-factor (Q) MC light emitter with
sufficient lateral optical/electrical confinement using an
intracavity AIN aperture.'> Unfortunately, the insertion of
AIN apertures may cause additional unexpected damage to
the multiple quantum well (MQW) owing to their higher
regrowth temperature. In the GaAs system, the lateral optical
confinement could be easily achieved using an etched micro-
pillar or a micropillar embedded into BCB.'®!” However, it
is hard to etch down a whole GaN micropillar cavity owing to
the difficult etching process of the Ill-nitride system. In view
of this, the surface-textured structure would be a better way
to introduce a sufficiently large index contrast for lateral
optical confinement without causing damage to the gain
medium in the VCSELs or MC devices. Such a technique has
recently been demonstrated in an electrically pumped GaAs
MC emitter for tailoring the three-dimensional photonic
confinement, but has not yet been reported in the GaN-based
MC system.'®)

In this letter, we demonstrate a GaN-based all-dielectric
MC with in-plane optical confinement using a shallow etched
mesa structure. The all-dielectric MC provides a wide range
of high-reflectivity stopbands for flexibility in the fabrication
process. The shallow etched mesa structure presents a

P lanar microcavities (MCs) embedded with a semi-
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Fig. 1. (a) Schematic diagram of textured GaN-based MC structure and
corresponding effective refractive index distribution. (b) A 10 x 10 um?
AFM scan of an n-GaN surface after polishing. (c) Scanning electron
microscopy (SEM) image of textured mesa on n-GaN surface.

sufficient lateral optical confinement owing to its higher
effective refractive index. The multi-transverse mode spectra
show the lateral confinement of the proposed shallow etched
mesa structure. In addition, the device with a larger mesa
diameter has a higher O value and a lower threshold density
owing to its smaller diffraction loss and scattering loss.
Figure 1(a) shows the schematic diagram of the proposed
textured GaN-based MC. The original cavity layers were
grown by metal organic chemical vapor deposition
(MOCVD) on a (0001) c-plane sapphire substrate, followed
by a 30 nm GaN nucleation layer at 500 °C, a 2 um undoped
GaN (u-GaN) spacer at 1100°C, a 2 um n-GaN layer, 10
pairs of Ing1GagoN (2nm)/GaN (10 nm) MQWs, and a 150
nm p-GaN spacer. An 11.5-pair TiO,/SiO, DBR was depo-
sited on top of the p-GaN spacer using an E-gun deposition
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system and was adhered onto a silica substrate. Then, the
sample was removed from the sapphire substrate using the
laser lift-off (LLO) technique.'” The corresponding root-
mean-square (rms) roughness of the lifted-off u-GaN surface
was about 10nm. Then, the thickness of the u-GaN and
n-GaN layers was reduced to about 2 um by inductively
coupled plasma reactive ion etching (ICP-RIE) and polishing.
The thickness of the cavity layer was mainly controlled by
ICP-RIE since the polishing slurry diameter employed was
small and sufficient for planarization. The surface roughness
of the exposed n-GaN layer was measured to be 1 nm from
the 10 x 10 um? atomic force microscopy (AFM) scan after
polishing, as shown in Fig. 1(b). Before depositing the n-side
DBR, a series of circular mesas of 60 nm height and varying
diameters had been patterned and etched on the polished
n-GaN by photolithography and ICP-RIE dry etching,
respectively, as shown in Fig. 1(c). These textured mesas
provide a step index contrast (An) for the transverse mode
guiding, as shown on the top side of Fig. 1(a). Finally, the
n-side DBR consisting of 11.5 pairs of SiO, and HfO,
quarter-wavelength stacks was deposited on the n-GaN
surface. HfO, was used owing to its low absorption in the
UV region, which helps to increase the pumping efficiency
for the following measurements. Both the TiO,/SiO, and
HfO,/SiO, DBRs show high reflectivities (>99.5%) at the
MQW emission wavelength (430 nm), which assure a high-
finesse optical MC structure. The optical measurements of
all-dielectric GaN-based textured MCs were performed at
room temperature (RT) using a third-harmonic generation
(THG) of a Nd:YVOy laser with a 355nm emission wave-
length (outside the stopband of the top HfO,/SiO, DBR)
and a 1kHz repetition rate. The pumping beam and cavity
emission were focused to about 10 um and collected via
a 40x objective lens with a numerical aperture of 0.5,
respectively.

Figure 2(a) shows the cavity emission from a textured
device of 8 um diameter under various pumping conditions.
Below the threshold energy (Ey), the spectrum exhibits a
multi-longitudinal-mode characteristic owing to the relatively
large cavity length. The measured mode spacing between the
longitudinal modes is about 16 nm, which reflects a 2 um
cavity length. A magnified spectrum measured under 0.9Ey,
pumping condition is shown in the inset of Fig. 2(a) for
a clearer specification. The magnified spectrum comprises
several peaks that come from the transverse confinement of a
circular shallow etched mesa. An of about 0.068 between the
circular shallow etched mesa and the peripheral area could be
easily calculated from the effective index model (EIM).2”
From the calculation, An could range from 0.011 to 0.1151 as
the mesa height increases from 10 to 100 nm. Such a wide
tuning range of index contrast promises a powerful technique
for manipulating the transverse optical confinement in GaN-
based MCs. In addition, the shallow etched mesa height is
feasible to process at p-GaN of an electrically pumped GaN-
based VCSEL to act as the current confinement aperture.?"
Figure 2(b) shows a clear evolution of the output intensity
and mode linewidth versus the pumping energy. The output
laser intensity from the sample shows a nonlinear increase,
and the linewidth presents a sharp narrowing as the pumping
energy across the threshold (Ey, = 130nJ). The O value
estimated below the threshold is about 1300.
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Fig. 2. (a) Measured spectra of textured GaN VCSEL of 8 um diameter
under various pumping energies. (b) Output intensity and peak linewidth as
functions of pumping energy. The inset in (a) shows a magnified spectrum
under 0.9Ey, pumping condition.
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Fig. 3. Spectra of (a) 5 and (b) 10 um textured-mesa devices (blue curve)
below the threshold condition. Green dashed lines represent the fitting curves
of each transverse optical mode, and red dashed lines depict the summarized
fitting curves.

Figures 3(a) and 3(b) show the measured cavity emission
spectra of 5 and 10 um textured apertures (blue curve) far
below the threshold for avoiding the linewidth to be affected
by the stimulated emission. The spectrum of the 8 um case is
shown in the inset of Fig. 2(a). The finite central wavelength
offset among devices with different mesa diameters is
mainly attributed to an unavoidable thickness gradient during
the epitaxial growth and lapping process. It is interesting to
see that lower order modes show a narrower linewidth and

© 2014 The Japan Society of Applied Physics



Appl. Phys. Express 7, 062101 (2014)

Y.-Y. Lai et al.

(@)@ 0® mode @ 1" mode @ 2" mode @ 3™ mode & 4" mode

3000 L] L] Ll L L L
[ — Fitting of 0" mode
2500 g
2000 L
S 1500
- } ]
@ 1000 ¢
200 % E
[ @ i §
0 r 'l i r r s
4 5 6 7 8 9 10 11
Diameter (um)
(b) _ 350
@ [ ®
< 300}
'-9.' L
2 250}
=
& 200}
g 150
g I
u b 0
S 100k
: 3
w
@ sof
I S
4 5 6 7 8 9 10 M

Diameter {um)

Fig. 4. (a) Estimated Q values with mode order of 5, 8, and 10 pm
textured-mesa devices. (The black line represents the O value fitting curve of
the Oth mode.) (b) Threshold energy as a function of textured mesa diameter.

a higher O value. This could be attributed to the sidewall
roughness of the shallow etched mesa, which would
introduce additional scattering loss to high-order transverse
modes whose profiles are expanding to the edge of the
aperture.

The estimated Q values of each transverse confined optical
mode are shown in Fig. 4(a). The fundamental modes (Oth)
with different aperture sizes have the highest Q value owing
to a weaker scattering loss impact. The mode distribution of
higher order modes becomes more disperse and closer to the
mesa edge, and would result in a larger scattering loss and
a lower Q value, as shown in Fig. 4(a). The Q value of the
10-um-diameter device can reach as high as 2600, which
is twice larger than that in the 5 pm case. The reduction in
QO value among smaller aperture sizes is attributed to its
edge scattering loss and higher diffraction loss. The QO
value of the device with radius a is modulated owing to
additional scattering loss at the shallow mesa edge and could
be easily simulated using a simple model 1/0(a) = 1/0 +
1/ Oscatterings Where Qp is the planar MC quality factor and
Oscattering 18 the scattering term.’? Taking the fundamental
transverse mode distribution that follows the first Bessel
function Jy(ka), for example, where kt2 = k%ngff — B, negr
being the effective core index calculated from the EIM model
and B the propagation constant, the aforementioned model
could be expressed as 1/0(a) = 1/Qo + &(J3(kwa))/a, where
¢ is a phenomenological proportionality constant. The experi-
mental data are fitted with this model [black curves in
Fig. 4(a)], giving a planar Q value of 3000 and a & of
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5.5 x 1078 um~!. Furthermore, the high Q value of larger
devices also shows a significant impact on reducing the
threshold energy. The threshold density can be reduced
tenfold if the mesa diameter increases from 5 to 10 um. To
specify the impact of mesa diameter on the MC device
performance, the threshold energies are plotted as a function
of aperture diameter, as shown in Fig. 4(b).

In conclusion, we have demonstrated all-dielectric GaN-
based MCs with efficient lateral optical confinement using
shallow etched circular mesas. The optical confinement can
be achieved using the index contrast induced by the textured
mesa. For comparison, a device with a larger mesa diameter
has a smaller mode spacing, a larger Q value, and a lower
threshold density. A high Q value of 2600 and a low
threshold energy of 30nJ could be achieved in the device
with a 10 um mesa diameter. Such a high-Q GaN-based
MC structure is very promising for tailoring the strong
light-matter interaction and fundamental research, such as
polaritonic physics.'® For a more practical application, our
proposed GaN-based MC with shallow etched mesa struc-
tures can also be utilized nowadays in electrically pumped
GaN-based VCSELs serving as a current confinement
aperture for realizing a more efficient operation. To further
enhance the device performance, the innate scattering loss
induced by the sidewall roughness could be minimized by
properly adjusting the photoresist profile and dry etching
condition or using wet etching in the future.?> Other practical
functions, such as polarization control, can be achieved
by changing the circular mesa into a grating structure. Our
demonstration provides a powerful solution for manipulat-
ing the optical modes and could be applied to future
GaN-based MC devices such as polaritonic emitters and
VCSELs.
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