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GaN two-dimensional (2D) photonic crystal nanocavities with a single embedded InGaN quantum well are undercut by photo-electrochemical
(PEC) etching and optically characterized to investigate the fundamental mode. The PEC etching selectively removes an InGaN-based sacrificial
layer to form air-suspended GaN photonic crystal cavity slabs. We investigated the resonant modes of the photonic crystal nanocavities by micro-
photoluminescence spectroscopy measurement at room temperature. The wavelengths of the measured resonant peaks and their dependence on
the photonic crystal period agreed well with numerical analysis, allowing us to determine the fundamental mode in the measured spectra. The
highest quality factor for the fundamental mode reached 3400 at blue wavelengths. This work would contribute to the improvement of GaN 2D
photonic crystal nanocavities using PEC etching as well as their applications towards integrated light sources in visible wavelengths.

© 2023 The Japan Society of Applied Physics

1. Introduction

lI-nitride (N) semiconductors, with direct bandgaps of
controllable widths through molar ratio of group III elements,
are promising for optoelectronic device applications in visible
and UV wavelengths. Light emitting and laser diodes using
III-N semiconductors have been highly developed and
become major light sources especially in green, blue and UV
wavelengths.'™ In addition, large exciton binding energies
in III-N semiconductors enable room temperature operation
of quantum light sources.” For further improvement of these
light sources, combination with various nanophotonic struc-
tures have been studied.” Improvement of extraction effi-
ciencies of light sources were studied by introducing planar
photonic structures.>” Also, photonic crystals embedded
together with InGaN active layers inside vertical cavities
realized high power laser diodes.'” Moreover, recent ad-
vancements in optical meta-surfaces'''? realized various
optical components which would also improve the light
sources in terms of performance and functionality.

Among various nanophotonic applications using II-N
semiconductors, integrated photonics”’lg) is one of the
active fields of research. Micro-scale lasers”®> and integra-
tion of laser sources”®™" are extensively studied in visible
and UV wavelengths using III-N semiconductors. Of parti-
cular importance for the light sources is micro-cavities®"
with small mode volumes and high quality factors
(Q-factors).32) Strong light confinement with micro-cavities
can enhance light emission,>® leading to improvement of
device performance such as lower thresholds of laser sources.
Among various types of micro-cavities, photonic crystal
cavities fabricated in air-suspended thin slabs are especially
interesting. Light confinement within the volume of the order
of cubic wavelength can be realized by such photonic crystal
cavities.>" Moreover, control of modal distribution by fine-
tuning cavity designs can offer enhancement of Q-factors
while maintaining the small modal volume.*®

Towards improvement of the Q-factors, fabrication methods
have been studied for III-N semiconductor photonic crystal
cavities.” > One of the main difficulties arises from the high
inertness of III-N semiconductors, which hinders undercut
etching to form air-suspended photonic crystal cavity slabs by
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simple chemical etching. Among various undercut methods
studied so far, bandgap selective photo-electrochemical (PEC)
etching of InGaN-based sacrificial layers is a well-known
method for the fabrication of GaN photonic crystal
cavities.”>***3" Current crystal growth technology allows
direct growth of GaN slab layers on InGaN-based sacrificial
layers without buffer layers, which is important for the fabrica-
tion of GaN photonic crystal slabs of high crystal quality without
limitation on slab thickness. Lasing oscillations were reported for
GaN 1D and 2D photonic crystal cavities fabricated using this
technique.”**> However, in comparison to other undercut
methods, Q-factors of GaN 2D photonic crystal cavities
fabricated by this method still remain low.*” One reason for
the low Q-factors can be due to the inadequacy of mode analysis
for GaN 2D photonic crystal nanocavities fabricated by PEC
etching. In particular, investigation of the fundamental mode,
which typically exhibits higher O-factors than other higher-order
modes, has not been reported. Therefore, identification of the
fundamental mode and evaluation of the Q-factor would be
important for GaN 2D photonic crystal cavities undercut by PEC
etching. We reported that a relatively high Q-factor of 1100 was
obtained at blue wavelengths for GaN 2D photonic crystal
nanocavities undercut by PEC etching and suggested that the
resonant mode was attributed to the fundamental mode.”"

In this paper, we report a systematic analysis on the
resonant modes of GaN 2D photonic crystal nanocavities
undercut by PEC etching to pinpoint the fundamental mode.
The photonic crystal structures were fabricated by electron-
beam (EB) lithography followed by reactive ion etching, then
undercut by PEC etching to suspend the structure in the air.
The PEC etching was performed by irradiation of UV laser
light to samples in an acid solution. We investigated the
resonant modes of the nanocavities by micro-photolumines-
cence (u-PL) spectroscopy for an embedded single InGaN
QW. Wavelength shifts of resonant modes in accordance
with the photonic crystal period reasonably agreed with our
3D finite-difference time-domain (FDTD) calculation. The
Q-factors estimated for the fundamental mode reaches 3400
at blue wavelengths. Optimization of the cavity design and
the fabrication process could further improve the Q-factor,
which would lead to integrated light source applications in
visible wavelengths using PEC etching.

© 2023 The Japan Society of Applied Physics
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2. Experimental methods

2.1. GaN photonic crystal nanocavity structure and
fabrication process

The GaN photonic crystal nanocavity structure studied is
shown in Fig. 1(a). Air holes arranged in a triangular lattice
are formed in the plane of a GaN slab with 120 nm thickness.
The radius of the holes r and the period of the photonic
crystal lattice a are given in Fig. 1(a). A cavity structure so-
called L7 cavity is made by the removal of seven air holes
arranged consecutively in line along the x-direction [see
Fig. 1(a)]. This design is adapted because the highest QO
among GaN 2D photonic crystal cavities fabricated by PEC
etching was reported for an L7 cavity.*> For fabrication of
the photonic crystal cavity, we prepared a substrate in
Fig. 1(b). A 220 nm thick InGaN/GaN superlattice (SL)
and a 120 nm thick GaN slab containing an InGaN QW are
sequentially grown on a c-plane sapphire substrate by metal—
organic chemical vapor deposition. We insert another SL of
high InN molar ratio at the backside of the slab as shown in
Fig. 1(b) to suppress excited careers drift to the slab during
the PEC undercut process. The holes of the photonic crystal
are formed by reactive ion etching using Cl, and BCl; gases
through a SiO, hard mask defined by EB-lithography. Then,
the samples undergo a PEC etching for selective removal of
the SL layers. During the PEC etching, the sample is
immersed in an HCl-based acid solution together with a Pt
electrode under an applied voltage. Pulsed laser at 375 nm
wavelengths is irradiated with an optical power of 50 uW to
the sample for 40 min at the repetition rate of 2 MHz. Finally,
we remove the SiO, hard mask by HF solution.

2.2. u-PL spectroscopy setup for optical
characterization

For optical characterization of the undercut photonic crystal
cavities, p-PL spectroscopy measurement is performed at
room temperature using CW He-Cd laser as the excitation
source. The laser is focused on the cavities with an objective
lens of 20-times magnification and 0.45 numerical aperture.
The signal is collected by the same objective and measured
by a spectrometer equipped with a Peltier-cooled CCD array.
We measured the PL spectra using two diffraction gratings
with different groove densities of 1200 mm ' for low
resolution and 2400 mm ™' for high resolution.

2.3. Numerical simulation setup

001 pgm x 0.0l pgm x 0.01 pm. Symmetrical boundary
conditions are set for the x—z and y—z planes both of which are
across the center of the photonic crystal cavity. Absorption
boundary conditions using perfectly matched layers are imposed
on other boundaries. The refractive index of the GaN and the air
is set as 2.4 and 1.0, respectively. The influence of refractive
index dispersion is not taken into account in this simulation.
Also, the influence of the 1 um thick GaN layer underneath is not
included in the simulation unless otherwise mentioned.

3. Results and discussion

3.1. SEM observation of a GaN photonic crystal
nanocavity undercut by PEC etching

SEM images of an undercut photonic crystal cavity slab for
a ~ 155 nm and r/a ~ 0.27 are shown in Fig. 2. From the top
and side views in Figs. 2(a), 2(b), we confirm that a layer
underneath the photonic crystal slab is selectively removed,
which forms an air-suspended structure. The total etching
length by the PEC process is estimated to be 280 nm from the
width of the bright region in Fig. 2(a). Figures 2(c) and 2(d)
are the magnified top and side view images of the same
sample. No significant roughness is observed on the surface
of the photonic crystal slab from both SEM images. In
Fig. 2(c), we also find structural fluctuations in the shape of
the air holes. This can be caused by the proximity effect in
EB-lithography and would be improved by optimizing the
EB drawing pattern and the subsequent development process.
From Fig. 2(d), we also confirm that the photonic crystal slab
is slightly bent, and the cavity is approximately 20 nm closer
to the GaN layer underneath.

3.2. Mode analysis on the GaN 2D photonic crystal
nanocavities

Red and black curves in Fig. 3(a) show pu-PL spectra
measured by the lower-resolution optical setup for a photonic
crystal nanocavity and the substrate, respectively. The
structural parameters for the photonic crystal nanocavity are
estimated to be a ~ 155nm and #/a ~ 0.27 by SEM
observation. The excitation power is fixed at 20 pW. From
the substrate, a light emission spectrum of the QW is
observed as a broad single peak. On the other hand, several
peaks with narrower linewidths are observed from the cavity
in addition to the QW emission spectrum, which suggests that
the peaks are attributed to resonant modes of the nanocavity.
For more detailed analysis, we calculated resonant wave-

For numerical analysis of the GaN 2D photonic lengths of the nanocavity using 3D-FDTD method. The
crystal nanocavity structure in Fig. 1(a), we used a calculated results with respect to the resonant modes from
3D-FDTD  method” The spatiall mesh size is the Ist to the Sth order modes are shown in Fig. 3(a) in
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Fig. 1. (Color online) (a) Schematic top view of the studied photonic crystal nanocavity structure. Photonic crystal period a and radius of air holes r are

defined in (a). (b) Schematic of the substrate structure used for fabrication of the photonic crystal nanocavities with 120 nm slab thickness.
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Fig. 2. SEM images of a fabricated GaN 2D photonic crystal nanocavity. Top and bird’s eye views are shown in (a) and (b), respectively. The cavity region
is zoomed up from the top in (c) and from an oblique angle in (d).
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Fig. 3.

(Color online) (a) x-PL spectrum for a photonic crystal cavity of a ~ 155 nm (red) and for the unprocessed substrate (black). Vertical dashed lines are

resonant wavelengths calculated by 3D-FDTD method. (b) Calculated spatial distribution of U, for the fundamental and the 2nd order modes. A p-PL spectrum
measured for the fundamental and the 2nd order modes is shown for (¢) @ ~ 165 nm, (d) a ~ 175 nm and (e) a ~ 185 nm. (f) Measured and calculated a
dependence of resonant wavelengths for the fundamental and the 2nd order modes.

dashed lines. Although the peak wavelengths in the experi-
ment are slightly red-shifted in comparison to the calculated
results, the number of peaks and the peak intervals reason-
ably agree with the calculation, which allows the identifica-

tion of the fundamental mode in the experiment.

We further investigated the resonant wavelengths of the 1st
and the 2nd order modes [shown by arrows in Fig. 3(a)] for
different as. Calculated spatial distributions of electric field
energy density (Ug) for these modes are shown in Fig. 2(b).

Figures 3(c)-3(e) show the PL spectra with respect to the two
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modes for a ~ 165nm, a ~ 175nm and a ~ 185nm,
respectively. As a is increased from 155to 185 nm, both
resonant peaks are red-shifted. Note that the peak intensity is
weaker for larger as because of weak QW light emission
intensity at long wavelengths. In Fig. 3(f), the resonant
wavelengths for the fundamental and 2nd order modes are
shown as a function of a in comparison to the results of 3D-
FDTD simulation. The measured a dependence of the
resonant wavelengths reasonably matched the calculation.
Discrepancy between the experiment and the calculation is
likely due to the refractive index dispersion of GaN.
Resonant wavelengths shifts due to the dispersion of III-
nitride semiconductors were also reported for 2D photonic
crystal nanocavities in previous studies.*®*"

3.3. Discussion on the Q-factors of the GaN 2D
photonic crystal nanocavities

We investigate the Q-factors of the fundamental and 2nd order
modes by Lorentzian fitting to cavity mode spectra which are
measured by our higher-resolution optical setup. Figure 4(a)
shows the estimated Q-factors (Qcxp) as a function of a. The
Qexp of the fundamental mode is higher than the 2nd order
mode for all values of a. This relationship agrees with our 3D-
FDTD simulation where the calculated Q (Q.,) is almost
constant at Q., ~ 25000 for the fundamental mode and Q.
~ 2500 for the 2nd order mode regardless of a. The maximum
Qexp reaches 3400 for a ~ 165nm as shown by the fitted
Lorentz function for the cavity mode spectrum in Fig. 4(b). To
the best of our knowledge, this would be the first report on
Q-factors of the fundamental mode for GaN 2D photonic
crystal nanocavities undercut by PEC etching.

On the other hand, there is a large discrepancy between the
calculation and the experiment for the dependence of Q of the
fundamental mode on a. The Qe is suddenly reduced for a
smaller than 165 nm while the reduction is moderate for larger as.
Although a more detailed investigation will be required for
understanding this behavior, we consider the discrepancy caused
in part by the influence of the 1 ym thick GaN layer underneath.
In 3D-FDTD simulation including the underlying GaN layer, the
calculated Q for the fundamental mode is Q. ~ 14000 for
a = 155nm, and linearly decreases to Q.; ~ 5800 for
a = 185 nm due to evanescent coupling to the underlying GaN
layer. This a dependence of Q. is similar to that of Q, for
a ~ 165 nm to a ~ 185 nm, where Q. decreases with increasing
a as shown in Fig. 4(a). This suggests that the evanescent
coupling loss could be dominant in this range for the fundamental
mode. Difference between the Q. and the Q. for this a range
may be caused by fabrication imperfections such as fluctuations
in the shape of air holes in our photonic crystal nanocavities [see
Fig. 2(c)] and slight bending of photonic crystal slabs.

The evanescent coupling loss could also influence the 2nd
order mode. When the GaN layer underneath is taken into
account, Q., for the 2nd order mode decreases from Q.. ~
2400 to Q.. ~ 1600 as a increases from 155 nm to 185 nm.
Thus, this reduction of Q., as well as fabrication imperfec-
tions could be the main reason for reduction of Qe at a ~
185 nm for the 2nd order mode in Fig. 4(a).

Aside from evanescent coupling, another optical loss
mechanism is predicted for the low Q. of the fundamental
mode at a ~ 155nm where the evanescent coupling
calculated from the 3D-FDTD simulation is expected to be
weak. One possible reason would be optical absorptions by
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Fig. 4. (Color online) (a) Measured Q-factors for photonic crystal
nanocavities with different as from 155 to 185 nm. The Qs for the
fundamental and the 2nd order modes are shown with orange squares and
blue circles, respectively. (b) Cavity mode spectrum (red circles) and fitted
Lorentz function (black line) for the fundamental mode of a photonic crystal
nanocavity with a ~ 165 nm.

the InGaN QW. For small a, the resonant wavelength of the
fundamental mode is shorter than the QW emission peak [see
Fig. 3(a)]. Under this condition, QW absorption can be as
strong as reported in previous studies on GaN micro-disk
cavities.™ % This suggests that optical absorptions by the
InGaN QW could be the dominant loss at a ~ 155 nm for the
fundamental mode and result in the low Q, in Fig. 4(a).
Improvement of the cavity design as well as optimization of
the fabrication process would further improve the Qs of GaN
photonic crystal nanocavities undercut by PEC etching.

4. Conclusions

In conclusion, we have investigated GaN 2D photonic crystal
nanocavities undercut by PEC etching and analyzed the
resonant modes. We fabricate the photonic crystal structures
by electron-beam lithography and reactive ion etching, then
undercut them by PEC etching using a UV laser source. SEM
observation of the fabricated structure shows that undercut
etching was accomplished by our PEC process. Resonant
modes of the fabricated nanocavities are observed by micro-
photoluminescence spectroscopy measurement. The wave-
length shifts for the fundamental and the 2nd order modes
shows a reasonable agreement with 3D-FDTD -calculations.
Measured Q-factors for the fundamental mode reaches
Q ~ 3400 which is the highest among GaN 2D photonic
crystal nanocavities undercut by PEC etching. We believe
that this work will be an important step towards the
improvement of GaN 2D photonic crystal nanocavities by
PEC etching, and paves the way towards integrated light
source applications in visible wavelengths.
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