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Abstract—In this study, we demonstrate GaN-based photonic
crystal surface-emitting lasers (PCSELs) employing two distinct air
hole geometries: circular (CC) and right-isosceles-triangle (RIT).
By systematically tuning the fill factor (FF) and lattice constant, the
lasing wavelengths are maintained between 420–425 nm, enabling
direct comparison of device performance. Optical simulations and
experimental results confirm that the CC structure, characterized
by high in-plane symmetry (C4v group), supports degenerate Bloch
modes at the Γ point, resulting in strong lateral confinement, low
vertical radiation loss, and high Q-factors. These features enable
low-threshold lasing. In contrast, the RIT structure intentionally
breaks the in-plane rotational symmetry, lifting mode degeneracy
via geometric asymmetry. This mode splitting selectively enhances
the vertical radiation coupling of the desired B-mode while sup-
pressing competing modes, facilitating stable single-mode opera-
tion. Although the RIT design yields a higher threshold due to the
increased vertical loss, it also demonstrates superior slope efficiency
beyond the threshold. The declining threshold trend with increasing
FF in both configurations matches the simulated predictions.

Index Terms—Photonic crystal, PCSEL, semiconductor laser,
GaN, InGaN.

I. INTRODUCTION

PHOTONIC crystal surface-emitting laser (PCSEL) has
emerged as a promising light source for applications requir-

ing high output power and low beam divergence, particularly
in LiDAR [1], [2], advanced manufacturing [3], [4], [5], [6],
and optical communication systems [7], [8], [9], [10]. In the
near-infrared spectral region, III-arsenide-based PCSELs have
demonstrated exceptional performance due to their ability to
form lateral optical cavities via band-edge modes near the Γ
point of the photonic crystal (PhC) band structure, simulta-
neously enabling vertical surface emission without external
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mirrors [11], [12], [13], [14], [15]. The lateral optical feed-
back originates from the slow-light characteristics and in-plane
distributed feedback provided by the periodic refractive index
profile at Bragg’s condition, resulting in a high-quality factor
(Q-factor) and single-mode lasing over a large area. [16], [17],
[18]. Integration with wide-bandgap III-nitride materials is es-
sential to extend PCSEL technology into the ultraviolet to visible
spectrum [19], [20], [21]. However, realizing high-performance
GaN-based PCSELs remains challenging due to intrinsic mate-
rial and fabrication issues. The epitaxial growth of high-quality
InGaN/GaN films is challenging due to the lattice mismatches
and differences in thermal expansion coefficients with non-
native substrates. Overgrowth behavior on nano-patterned GaN
templates varied from platform to platform, which makes the
fabrication of designated air hole arrays in GaN still challenging
[22], [23], [24]. Liu et al. proposed to couple the InGaN active
region with the externally deposited TiO2 PhC waveguide as a
compromised approach. However, electrical pumping became
more critical due to the lack of a conductive TiO2 [25], [26].

Despite these challenges, significant progress has been made
in realizing GaN PCSEL. Matsubara et al. first demonstrated
PCSEL operation in the blue-violet range using an InGaN/GaN
structure with air holes embedded in the n-side of separate
confinement heterostructures (SCH) via overgrowth techniques
[27]. The threshold and the slope after lasing are modest at
the beginning, but they are significantly improved later by the
optimization in the lattice type and processing technologies by
Emoto et al. [28]. Kawashima et al. located the PhC to the
p-side of the waveguide by top-down dry-etching techniques
[29]. Taguchi et al. extended the lasing wavelength into the green
spectral range using a dual-lattice design and SiO2-filled holes
for improved structural stability [30]. Most of these studies have
focused on the effects of air hole arrangement on the lasing
performance. Although several studies have investigated the
effects of air-hole shape and filling factor on the band structure
and coupling coefficients in GaAs systems [31], [32], [33],
systematic investigations in the III-nitride material platforms
remain limited. In the III-nitride materials system, the alloy
composition contrast in the laser waveguides is much limited
due to the epitaxial strain, which also leads to a smaller re-
fractive index contrast than that in the III-arsenide PCSELs.
Therefore, a systematic study based on a practical III-nitride
laser waveguide structure is strongly desired. In this study, we
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Fig. 1. (a). Schematic of GaN PCSEL structures with CC and RIT air holes.
(b) SEM top-view image (left) of CC and RIT air holes. The cross-sectional
view image of the CC hole is at the right. (c) Simulated normalized electric field
intensity and refractive index profile along the epilayer direction. (d) Photonic
band structure for a lattice period a = 170 nm and filling factor FF = 10%.

introduced symmetric circular (CC) holes and asymmetric right
isosceles triangle (RIT) holes to compare their threshold levels
and output efficiencies due to the breaking of the odd symmetry
of the electric field mode profile. The impact of the airhole filling
factor (FF) on the laser performance of both hole geometries will
be studied theoretically and experimentally. Through numerical
simulations and experimental validation, we aim to establish
robust design rules that guide the engineering of high-power,
short-wavelength PCSELs based on III-nitride platforms.

II. RESULT AND DISCUSSION

Fig. 1(a) shows the three-dimensional schematic of GaN
PCSELs featuring CC and RIT air holes. The airholes are
patterned and etched from the surface of the device, enabling
a more straightforward fabrication and higher reproducibility.
The device structure comprises, from top to bottom: a 200 nm
p-GaN layer with embedded airholes as the PhC layer, a 10 nm p-
AlGaN electron blocking layer (EBL), a 60 nm p-In0.03Ga0.97N
waveguide layer, a 10 nm single quantum well (QW), a 60 nm
n-In0.03Ga0.97N waveguide layer, a 700 nm n-Al0.05Ga0.95N
layer, and a u-GaN template on a flat sapphire substrate. Fig. 1(b)
shows the scanning electron microscope (SEM) images of the
fabricated devices from the top-view and cross-sectional views.
The left sub-images demonstrate uniform CC and RIT air holes
in a square lattice, with a lattice period of a = 170 nm and a FF
of 11%. The right sub-figure displays a vertical cross-sectional
view of airholes, indicating an etch depth of approximately
200 nm, which agrees with our design. The sidewall is still
∼6° from vertical due to processing limitations. To avoid the
etching to the EBL layer, dummy GaN wafers are coloaded to
calibrate the etching rate prior to the etching on the laser epi.
Fig. 1(c) shows the simulated electric field intensity (|E|2) and
refractive index distribution across the epilayers. The results
indicate that the lasing mode is well-confined within the SCH
and is coupled with the PhC slab. The confinement factor with
the active region (ΓQW) and the mode overlapping with the
PhC (ΓPhC) was estimated to be 4% and 9%, respectively.

Fig. 1(d) shows the calculated photonic band diagram, based
on the effective index method originally proposed in 2002 [34].
The effective permittivity of the air hole region, εa, and that
of the background region, εb, are extracted by considering the
limited vertical confinement of the optical mode. These values
are calculated based on two constraints: the weighted average
dielectric constant matches the square of the effective index
(neff), and the dielectric contrast is scaled by the ΓPhC. The
expressions are in equation (1) and (2):

εa = n2eff − (1− FF) · ΓPhC · (n2GaN − n2air) (1)

εb = n2eff + FF · ΓPhC · (n2GaN − n2air) (2)

This approximation compensates for the limited field pene-
tration into the 2D PhC and allows a more accurate modeling
of the in-plane photonic band of PCSELs. The band diagram
reveals four distinct modes (A, B, C, D) near the Γ point with
FF = 10%. The normalized frequency (a/λ) of band edges is
∼0.404, where “a” is the lattice constant of PhC. Thus, for a
target λ = 420 nm lasing, the lattice periodicity shall be around
170 nm, and the CC hole diameter and the width of RIT triangle
is around 60 nm and 76 nm, respectively, for a 10% FF.

Three-dimensional finite-element method is employed to sim-
ulate the complex eigenfrequency (ω̃) and electric-field dis-
tribution, E(r), of the band-edge modes of the input PCSEL
structures by COMSOL Multiphysics. The PhC layer is assumed
to be infinitely periodic in the lateral direction. The Q-factor (Q)
of the primary modes A and B were calculated via the ratio of the
real part (ωr) and the imaginary part of ω̃. The vertical radiation
loss (αrad) is then calculated by the following (3) and (4):

αrad = nav ωr/ (c ·Q) (3)

nav =

∫ (
n (r) · |E (r)|2

)
dV/ ∫ |E (r)|2dV (4)

where c and n(r) denote the speed of light and the refractive
index profile. ΓQW and ΓPhC is estimated by the ratio of
∫ |E(r)|2dV in the quantum wells and PhC to that of all layers,
respectively. Fig. 2(a) and (d) present the dependence of ΓQW

and ΓPhC on the FF for both CC and RIT hole geometries,
respectively. WhileΓQW shows minimal variation (∼4%) across
FF from 0.1 to 0.3 in both structures, ΓPhC strongly depends
on the FF. ΓPhC declines with FF significantly due to the
reduced overlapping of the optical mode with the PhC slab. This
observation is consistent with the Q-factor results in Fig. 2(b)
and (e). When the FF increases, the average refractive index of
PhC is lowered, as in (1), which also enhances the penetration
of the optical mode profile toward the substrate. As a result,
more optical power is out-coupled from the substrate end. The
Q-factor reduces accordingly with a higher FF. The dependence
of the vertical radiation lossαrad on the FF is shown in Fig. 2(c),
where a larger αrad enhances vertical out-coupling and slope
efficiency at the expense of a reduced Q-factor and higher
threshold. The Γ-point radiation loss is evaluated using the
symmetry-consistent formulationαrad = (2π/a)/Q, under which
CC structures exhibit vanishing vertical radiation in perfectly
symmetric unit cells, consistent with Γ-point BIC theory, while
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Fig. 2. The dependence of simulatedΓPhC andΓQW of A-mode and B-mode
on FF for PCSELs with (a) CC and (d) RIT holes. The dependence of Q-factors
on FF for PCSELs with (b) CC and (e) RIT holes. The dependence of αrad on
FF for PCSELs with (c) CC and RIT holes. The dependence of αint on FF for
PCSELs with (f) CC and RIT holes.

the internal loss αint = 2πf/Qfactor is evaluated independently
in Fig. 2(f). Regardless of hole geometry and FF, the B-mode
consistently shows higher ΓPhC and Q-factor, confirming it as
the dominant lasing mode in both CC and RIT structures [31],
[32].

It’s worth noticing that a PCSEL with CC holes exhibits a
higher Q-factor and a lower αrad than that with RIT holes when
FF>10%, which is attributed to the high symmetry of CC air-
holes. Fig. 3 shows the in-plane electric vector field distribution
in arrows and the absolute z-component of the magnetic field
(Hz) in color mapping in the middle of the PhC layer. The thick
white line illustrates the perimeter of the air hole. In Fig. 3(a) and
(b), the electric field distribution shows an inverse odd symmetry,

i.e.,
⇀

E(−x,−y) = −
⇀

E(x, y). The radiation strength is governed
by the phase difference between vertically diffracted waves
generated by counter-propagating in-plane fundamental modes.
For PCSEL with a square lattice, the two counter-propagating
waves along the x or y directions are inherently out of phase at
Bragg’s condition, resulting in aπ phase difference between their
diffracted components with the inverse coordinates. CC holes
exhibit even symmetry in all directions, resulting in complete
destructive interference and suppression of vertical radiation.
In contrast, the even symmetry of RIT holes is broken along
the x̂+ ŷ direction, as shown in Fig. 3(c) and (d). The hole
asymmetry produces partial constructive interference and thus

Fig. 3. Simulated in-plane electric field vectors (arrows) and magnetic field
amplitude |Hz | (color map) at the center of the photonic crystal layer with a
lattice period a = 170 nm and fill factor FF = 0.1. (a), (b) show A-mode and
B-mode field distributions for CC holes, while (c), (d) show those for RIT holes.

an enhanced vertical radiation. Therefore, the αrad is higher
for the PCSEL with RIT holes, and the net polarization of
the vertically radiated beam is expected to be along the x̂+ ŷ
direction as well.

The customized PCSEL structure was grown by a commercial
epitaxy supplier. A 150 nm SiNx hard mask was deposited by
plasma-enhanced chemical vapor deposition. The holes were
patterned by electron beam lithography with a∼140 nm positive
resist. The pattern was transferred from the resist to the SiNx

hard mask first, then further to GaN by a two-step dry-etching.
The residual SiNx was removed by immersion in buffered oxide
etchant. The lateral dimension of the photonic crystal pattern
is 250 μm. The photoluminescence (PL) spectrum was mea-
sured under a 355 nm pulsed laser with1 kHz repetition rate
and 0.5 ns pulse width. The excitation beam was split with a
50/50 beam splitter; one path was directed to a power monitor,
while the other was focused onto the sample surface from a
tilted direction through a lens. The excitation spot diameter is
estimated ∼300 μm. The optical image and PL collection were
via a 100× objective lens in the normal direction, and the PL was
characterized with a high-resolution spectrometer (iHR-320,
Horiba). Fig. 4(a) shows the PL spectra of the sample under
sub-threshold and above-threshold excitation. The sub-threshold
PL emission peak is located around 430 nm, corresponding
to the spontaneous recombination from the QW. The broad
PL spectrum is attributed to the simultaneous excitation of the
p-GaN PhC slab and the InGaN waveguide layer. We designed
and fabricated three sets of PCSELs with CC holes in different
lattice constants: 167 nm, 170 nm, and 173 nm, with a constant
FF of 0.11. The lasing wavelengths are 417.8 nm, 423.6 nm, and
428.8 nm, respectively. The normalized frequency is calculated
to be 0.404, which is consistent with the simulated band edge
in Fig. 1(d). The relationship between the lattice constant and
the resonant wavelength confirms lasing in the photonic crystal
band edge mode, and more likely, in B-mode due to its highest
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Fig. 4. (a). Emission wavelengths below and above the threshold with varying
lattice constants with CC holes. (b) Normalized far-field intensity plot of a
selected PCSEL from (a) Polarization characteristics for PCSELs with (c) CC
and (d) RIT holes, respectively.

Q-factor. Fig. 4(b) shows the normalized angle-resolved far-field
pattern slightly above the threshold from the a = 170 nm case in
Fig. 4(a). The divergence angle is approximately 3.6°, indicating
highly directional output. It’s worth noticing that the samples
are grown and measured on the single-side-polished wafers,
and the coherent emission shall be coupled vertically in both
directions. The actual divergence angle can be further reduced
if the PCSEL is fabricated on a double-side polished bulk GaN
substrate, while scattering from the backside can be further
suppressed. Fig. 4(c) and 4(d) illustrate the far-field polarization
characteristics of the sample with CC and RIT air holes after
lasing, respectively. The one with CC holes exhibits linearly
polarized emission, along the direction of ∼10◦ off the y-axis.
Theoretically, PCSEL with CC holes shall out-couple a vectorial
field with a vortex. [35], [36] The linearly polarized emission
might be a result of the random pattern irregularities due to the
unoptimized processing conditions. In contrast, the one with
RIT holes exhibits a clear linear polarization along the x̂+ ŷ
direction, as the theoretical simulations predicted. This further
suggested that the polarization of the PCSEL emission is more
robust to processing with low-symmetry air holes.

Finally, we also fabricate PCSELs with a varying FF to verify
our optical simulations. The lattice constant of each given FF
is tuned to ensure all lasing wavelengths reside from 420 nm
to 425 nm. Fig. 5(a) shows the representative light-light (L-L)
curves with the full-width at half-maximum (FWHM) for both
PCSELs with an FF of 10%. The blue solid and open squares
represent the output intensities of PCSEL with CC and RIT air
holes, respectively. The PCSEL with RIT air holes demonstrates
a steeper slope above the threshold, which is consistent with

Fig. 5. (a). Light–light characteristics and FWHM spectra of PCSELs with
CC and RIT air holes under varying pumping power densities. (b) Extracted
lasing thresholds as a function of FF for both CC and RIT structures.

the higher αrad in Fig. 2(c) than that in Fig. 2(f). The FWHM
values after lasing are approximately 1 nm for both structures.
The peak threshold pumping power density (Pth) of PCSEL
with CC holes is 10.2 MW/cm2, while that with RIT holes is
12.2 MW/cm2. It is worth noticing these numbers have not
considered the power losses from the beam splitter to the fo-
cusing spot and the parasitic band-edge absorption from the top
p-GaN layer yet. The relatively high threshold level is also partly
attributed to that the epi is grown on the sapphire substrate and
the single quantum well design. The Pth shall be significantly
reduced if the active region structure can be further optimized
on a high-quality GaN substrate. The CC configuration, consist-
ing of highly symmetric circular holes arranged in a periodic
lattice with C4v symmetry, supports mode degeneracy at the Γ
point. Such symmetry enables strong in-plane confinement and
minimal out-of-plane radiation loss, leading to high Q factors
and facilitating low-threshold lasing in Fig. 2(b) than that in
Fig. 2(e). The RIT cavity incorporates geometrically asymmetric
air holes to deliberately break the in-plane rotational symmetry,
leading to the lifting of degeneracy between symmetric Bloch
modes. This modal splitting enhances the coupling of the desired
mode to free-space radiation while simultaneously suppressing
unwanted competing modes, enabling robust single-mode oper-
ation. Such characteristics suggest that the RIT design, in spite
of a slightly higher threshold, is advantageous for high-power
applications due to its efficient far-field coupling and strong
modal selectivity. We further measured the L-L-FWHM curves
of PCSELs with an FF ranging from 0.11 to 0.17, and the
extracted Pth’s on FF are plotted in Fig. 5(b). Both PCSELs
exhibit the increasing Pth with the increasing FF, which is also
consistent with what simulations have predicted.

III. CONCLUSION

In conclusion, we have demonstrated and compared two pho-
tonic crystal laser cavity designs, CC and RIT holes, regarding
their lasing behavior, physics, and potential for applications. The
CC structure benefits from its high rotational symmetry, which
supports mode degeneracy and efficient in-plane confinement.
This leads to a lower threshold due to minimized vertical radia-
tion loss and a high cavity Q-factor. In contrast, the RIT structure
introduces controlled geometric asymmetry to break rotational
symmetry, which lifts the degeneracy of Bloch modes. The
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resulting modal splitting enhances coupling of the target mode
to the vertical direction and suppresses competing modes. While
this leads to a higher threshold due to a lower Q-factor, the RIT
cavity exhibits higher slope efficiency after the lasing threshold,
indicating enhanced stimulated emission efficiency and better
carrier-to-photon conversion. Furthermore, its far-field emission
characteristics are favorable for power scaling applications and
a robust polarization direction. The experimental results confirm
that both CC and RIT PCSELs exhibit an increasing threshold
with increasing FF, which is consistent with simulation results.
These findings validate the effectiveness of symmetry engi-
neering in PCSEL design and offer practical pathways toward
wavelength-stable, high-efficiency surface-emitting lasers in the
GaN regime.
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