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GaN Ultraviolet Laser based on Bound States in the

Continuum (BIC)

Mu-Hsin Chen, Di Xing, Vin-Cent Su, Yang-Chun Lee, Ya-Lun Ho,*

and Jean-Jacques Delaunay*

Optical bound states in the continuum (BICs), realizing substantial suppres-
sion of out-of-plane radiative losses, have been utilized to realize strong light
confinement and optical modes with high quality-factor (Q). Lasing actions
with narrow linewidths based on optical BIC modes have been demonstrated
in the near-infrared and the visible ranges, but BIC-based lasers in the ultra-
violet (UV) region have not been reported. As light sources possessing wave-
lengths at the UV scale are essential in various fields, the strategy to design
compact UV lasers based on high-Q modes and directional emissions is highly
desirable. Here, the first BIC-based laser in the UV region is demonstrated by
designing a 1D periodic resist structure on top of a GaN film. Using the sym-
metric-protected BIC mode, the fabricated laser is having a directional single-
mode lasing emission with a small full-width at half-maximum of 0.10 nm and
beam divergence of 1.5°. The lasing action is observed with a periodic struc-
ture area corresponding to a structure side length as small as 8 pm. Moreover,
the wavelength control of the UV lasing is achieved by varying the period and
temperature. This work provides strategies to design UV lasers having a small
footprint together with narrow-linewidth and out-of-plane emissions.

structures. The optical BIC states in a
wave system have been widely discussed
and utilized. The quasi-BIC effect was first
reported in passive systems in the form of
a 1D line-and-space periodic structure.l%]
Subsequently, some passive devices uti-
lizing BIC modes supported in metallic
metasurfaces,”®  dielectric  metasur-
faces,” ™ and photonic elements!13 are
demonstrated. In an active device, a BIC
mode can support narrow-linewidth lasing
with a smaller device size down to a few
dozen periods of the BIC structure, which
makes it possible for the laser device to be
integrated at high density onto a chip.[*¥
Due to these advantages of BIC in light
confinement, BIC-supported lasers in the
NIR range were realized.'"") The lasing
emission is observed from a nanoarray
structure having feature sizes smaller than
10 um. Later, BIC-supported lasers were

1. Introduction

Cavities provide spatiotemporal confinement of energy that
facilitates light-matter interactions and play an important role
in optical physics. In recent years, a new type of optical mode
realizing light confinement named optical bound states in the
continuum (BICs) has been reported.! The effect was first
observed from a surface-emitting distributed feedback laser.>?!
In these BIC states, light is in completely localized states within
the continuous spectrum of the environment with out-of-plane
radiative losses completely suppressed.*° Therefore, BICs
are recognized to be a potential tool for light confinement and
dramatic enhancement of the quality factor (Q) in periodic
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realized in the visible range.®24 A high-

speed optical switch with vortex lasing
emission is also realized via BICs in the visible range. However,
a BIC-supported nanolaser emitting in the ultraviolet (UV) has
not yet been reported.

With wavelengths ranging from 200 to 400 nm, UV nanola-
sers hold important applications in high-resolution bioimaging,
laser therapy, spectroscopy, lithography, and optical storage.
GaN with a wide direct bandgap of 3.41 eV at room tempera-
ture is the technological material employed for UV laser diodes.
With the advanced of growth techniques such as metal-organic
chemical vapor deposition (MOCVD) and vapor phase epitaxy
growth method,?>?% high-quality GaN can be readily deposited
so that GaN-based UV lasers have been realized using single-
crystal GaN film,*?8] Fabry—Perot nanowire cavities, 233
whispering-gallery-mode cavities,[3 3% and vertical cavity sur-
face emitting lasers (VCSEL).3%# For random scattering lasers,
Fabry-Perot lasers, and whispering-gallery-mode lasers, out-of-
plane directional emission lasing remains difficult to achieve.
In contrast, VCSELSs are designed for out-of-plane emission but
require a relatively large cavity to support lasing action. BIC-
based lasers have the potential to realize highly directional
emissions with small device sizes.

Here, we demonstrate a BIC-based UV laser with directional
emission and tunable emission wavelength that is fabricated on
a standard GaN thin film without any etching step. A 1D periodic
resist structure supporting the BIC mode was fabricated directly
on the GaN thin film by a single-step electron-beam (e-beam)
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lithography process. Due to the strong light confinement of the
BIC mode, the lasing action was observed at a finite device size
of 8 um. In addition, a narrow linewidth with full-width at half-
maximum (FWHM) of 0.10 nm was observed which is among
the smallest in the reported GaN-based single-mode UV lasers.
We also demonstrated lasing up to a high temperature of 383 K
showing potential for practical applications under relatively high-
temperature environments. The lasing also showed a highly
directional emission with a beam divergence of 1.5°. Further-
more, by adjusting the structure period and operating tempera-
ture, the control of the emission wavelength in a step of 0.45 nm
over a wide range was achieved. It is noted that single-mode UV
lasers with good monochromaticity and accurate wavelength
control are highly desired for practical applications including
photochemical, analytical, and spectroscopic.! Furthermore,
since GaN has been widely utilized in semiconductor and opto-
electronic devices as important technical semiconductor mate-
rials, the demonstration of GaN-based UV lasers supporting BIC
modes may pave the way for electric-driven BIC lasersi* in the
UV region and expand their practical applicability.

2. Results and Discussion

2.1. Design

The schematic of the designed GaN UV BIC-based laser
(referred to as “GaN BIC laser” in the following) is shown in
Figure 1a. The GaN BIC laser is composed of a 1D e-beam

a b
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resist line-and-space periodic structure, which supports the BIC
mode, on a GaN film, as the gain medium. It should be empha-
sized that the proposed GaN BIC laser is fabricated by a single-
step e-beam lithography process.

The primary parameter of the structure supporting the BIC
mode, the period of the structure, was first investigated. To
determine the period of the line-and-space periodic structure,
the reflectance spectrum as a function of the incident wave-
length and lattice period was calculated (Figure S1, Supporting
Information). The thickness of GaN film was initially fixed at
800 nm, which is the original thickness of the prepared sample.
The incident light is TE polarized as defined in Figure Sla
(Supporting Information), and the fill factor was fixed at 0.5. As
the structure period increases from 150 to 300 nm, resonance
modes of different orders show up in the calculated reflectance
mapping. It is noted that Q of the resonance mode decreases
as the period increases, indicating that large periods cannot
confine energy with a high-Q resonance. On the other hand,
as line-and-space structures with small periods are impractical
from the aspect of fabrication, the period should not be too
small in the real design. In this study, we investigate the period
of 200 nm unless specified otherwise.

To gain some insights into the resonances of the pro-
posed line-and-space periodic structure, the reflectance spec-
trum around the emission band edge of GaN was calculated
(Figure 1b). The reflectance spectrum reveals two reso-
nance bands gradually separating as the angle of incidence
¢ increases. The mode at normal incidence on the upper band
is referred to as the diffraction-coupled band-edge mode, or the
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Figure 1. Ultraviolet (UV) laser based on bound-states-in-the-continuum (BIC). a) The schematic of the GaN UV BIC-based laser, which is composed
of a 1D patterned electron-beam resist periodic structure supporting the BIC mode on a GaN film. b) Simulated reflectance spectra of the periodic
structure for TE-polarized incident light, as defined in the inset. c) Simulated electric field norm distributions of the BIC mode and the leaky mode.
d) Dependence of Q-factors (Q) of BIC modes and leaky modes on the angle of incidence. e) Wide-range reflectance spectra with different GaN thick-
nesses (tcan). f) Simulated electric field norm distributions of BIC modes for GaN thicknesses of 800 and 60 nm.
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leaky mode, in which light can couple with the outgoing field
and radiate.?2*%] In contrast, the BIC mode with typical dark-
mode features is found at normal incidence on the lower band
with a shorter wavelength.?%) The dispersion diagram for the
structure is calculated and shown in Figure S2b (Supporting
Information). The parabolic region near the high symmetric
point (I" point) reveals a group velocity of zero in the lateral
(x-) direction, which is critical in providing optical feedback
for lasing. The calculated near-field electric field distributions
of these two modes are shown in Figure lc. The leaky mode
exhibits strong radiative losses to the far field while the radia-
tive losses for the BIC mode are highly suppressed. This results
in significant differences in the calculated Q between the two
modes, as seen in Figure 1d. The leaky mode is observed to
have a low Q of around 10° and a weak dependence of Q on the
incidence angle, whereas the Q of the BIC mode is observed to
grow rapidly and diverge toward infinity as the incidence angle
approaches zero.

The effect of the GaN film thickness was also investigated
through simulations. The reflectance spectrum of the periodic
structure with an 800 nm GaN thickness (tg,y) was calculated
for a wide range of wavelengths, as shown on the left side in
Figure le. It is found that the 800 nm thickness of the GaN
film allows for the coexistence of resonance modes of different
orders. For comparison, the reflectance spectrum calculated
for the periodic structure with a 60 nm GaN film only exhibits
the fundamental BIC mode within the emission band of GaN
(right side in Figure le). The comparison between dispersion
diagrams for the two cases is shown in Figure S2 (Supporting
Information). Both dispersion curves exhibit flat curves around
the I point, implying that the light is confined in the plane. The
calculated electric near-field distributions of GaN BIC lasers for
GaN films with a thickness of 800 and 60 nm are shown in
Figure 1f, marked as A and B, respectively. Light is found to be
confined without radiative loss in both structures. Furthermore,
the resonance wavelengths of the BIC modes are found to shift
with the gain thickness. That is, the resonance wavelength can
be controlled by both the structure period and the GaN thick-
ness. Consequently, the BIC resonance can be tuned to match
the emission band of GaN without accurately controlling tc,x,
as shown in Figure S1b (Supporting Information), so that the
original thickness of the GaN film can be utilized as prepared
and no additional fabrication step such as etching is required.
This renders the fabrication process completely free of etching
steps.

2.2. Fabrication

The fabrication process of the GaN BIC laser is shown in Figure
S3a (Supporting Information). First, an 800 nm GaN film is
grown on a sapphire substrate using MOCVD. The film was
characterized by ellipsometry, as shown in Figure S3b (Sup-
porting Information). Then, the designed periodic structure is
patterned on the GaN film by a one-step e-beam lithography.
The ZEP520A e-beam resist is directly utilized as the mate-
rial of the periodic structure supporting the BIC mode. This
ZEP520A e-beam resist was selected to fabricate the periodic
structure because it is known to possess nearly no absorption
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in the region of interest (see measured n and k values as well
as absorption coefficient in referencel*). Here, the effect of
the resist slab thickness was investigated through simulations,
as shown in Figure S3c,d (Supporting Information). It is con-
cluded that varying the resist slab thickness from 20 to 100 nm
has merely no effect on the formation of the BIC mode. In this
work, the resist slabs of the periodic structure were fabricated
with a thickness of 100 nm. Figure S3e (Supporting Informa-
tion) shows the tilted-view scanning electron microscopy (SEM)
image of the fabricated structure.

2.3. Characterization

The optical properties of the GaN BIC laser were characterized
at room temperature. Figure 2a shows the emission spectra
under different pump energy densities of the GaN BIC laser
pumped by a 355 nm nanosecond laser. At a low pump energy
density, the GaN BIC laser only shows a broad photolumines-
cence (PL) spectrum. As the pump energy increases, a single
sharp lasing peak appears. Measured emission intensity and
FWHM of the GaN BIC laser under different pump energy
densities are plotted in Figure 2b. The measured threshold
(Pg) for the GaN BIC laser is 16.0 m] cm™2, as determined by
recording the nonlinear increase in the intensity and sharp
decreases in the FWHM when the pump energy exceeds the
threshold value. It is noted that a threshold of 1.3 m] cm™ is
achieved when the period structure supporting the BIC mode
is pumped by a femtosecond laser (Figure 2c). The difference
in measured lasing thresholds when pumped by two different
systems is believed to come from the efficiency difference
between the fs-laser and the ns-laser excitation as the ultrafast
femtosecond pumping should be more efficient to induce popu-
lation inversion.*! Figure 2d shows the optical images of the
GaN laser when the pump energy density is below and above
the lasing threshold. During the optical pumping process,
light is found to propagate along the grating-vector direction
(the x-axis, as defined in the lower-left corner of the figure),
indicating light coupling to the line-and-space periodic struc-
ture. The high-resolution lasing spectrum plotted in Figure 2e
exhibiting an FWHM of 0.10 nm is representative of the best-
performing fabricated devices. This experimental result is
among the smallest bandwidths reported for single-mode GaN
lasing devices in the UV region (Table S1, Supporting Informa-
tion),[29-31,33-3437-4046-52] giving a high A/AA (A is the lasing wave-
length and AA the FWHM of the lasing linewidth.) of over 3700.

The far-field emission pattern of the GaN BIC laser taken in
the objective-lens back focal plane is shown in Figure 2f. This
pattern is collected with a numerical aperture (NA) of 0.45. The
far-field pattern is composed of a dark band in the middle sur-
rounded by two bright bands. The dark area in the middle of
the image implies that the lasing comes from the BIC mode
instead of the leaky mode.l?l The divergence angle of the two
beams is observed to be slightly smaller than 1.5°, showing
highly directional emission which is difficult to achieve for
lasers based on Fabry-Perot cavities or microring/microdisk
cavities supporting whispering-gallery-modes. Figure 2g shows
the polarization of the GaN BIC laser emission. The lasing
intensity is maximum when the transmission axis of the linear
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Figure 2. Lasing performance of the GaN BIC laser. a) Emission spectra of the GaN BIC laser under different pump energy densities. The inset is
photoluminescence (PL) spectrum of the GaN BIC laser. b,c) The emission intensity and the full width at half-maximum (FWHM) as a function of
pump energy density pumped by b) the 355 nm ns-laser and c) the 355 nm fs-laser. d) Optical images of the GaN BIC laser with the pump energy
densities below and above the lasing threshold (Py,). €) The high-resolution spectrum of the single-mode lasing showing an FWHM of 0.10 nm. f) The
far-field emission pattern collected at the back focal plane of the objective lens with a numerical aperture (NA) of 0.45. g) Measured lasing intensity
under different polarizations indicated by 6, which indicates the angle between the slab direction and the transmission axis of the linear polarizer.

polarizer is parallel to the slab direction of the periodic struc-
ture (6= 0° or 180°) and gradually becomes lower as the polar-
izer rotates toward the vertical direction (6 = 90°). This shows
that the emitted lasing of the GaN BIC laser is polarized along
the slab direction corresponding to the y-axis.

2.4. Wavelength Control and Tunability

As the resonance wavelength of the BIC mode is controlled by
the structure period A, the wavelength control of the GaN BIC
laser can be realized by only varying the period on the same
GaN film. Here, GaN BIC lasers with a period varying from
194.0 to 200.5 nm are fabricated and characterized. The meas-
ured spectra with normalized intensity are shown in Figure 3a,
exhibiting a redshift in the lasing peak as the period increases.
The experimental results agree well with the simulations of
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the reflectance spectra with different periods. Figure 3b shows
that the wavelength of the BIC modes, along with the reso-
nance bands in the spectra, shift toward larger wavelengths as
the period increases. The dependence of the measured lasing
wavelengths with the period is indicated as dark gray squares
in Figure 3¢, and the simulated resonance wavelengths with
different periods are shown as red circles in the same figure
for comparison. The observed variation of the lasing wave-
length with the period is well reproduced by simulation. It is
concluded that the control of the lasing wavelength from 371 to
377 nm with a 0.45 nm step was demonstrated.

Also, the temperature effect on lasing was studied by
pumping the GaN BIC laser with a period of 200 nm. Emission
spectra under different temperatures are plotted in Figure 4a.
As the temperature increases from 273 to 383 K, the lasing
peak is observed to redshift gradually from 375.8 to 380.1 nm.
The operation of lasing at 383 K, which is among the highest
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operating temperatures for the reported single-mode GaN lasers ~ the temperature obtained in experiments (dark gray squares)
(see Table S1, Supporting Information),l?9-31:33-3437-4046-52] indi.  and simulations (red circles). The agreement shows that the
cates the potential of the proposed BIC laser design for prac-  wavelength tunability is achieved by varying the temperature.
tical applications under relatively high-temperature environ- It is noted that the tunable range of lasing can be extended
ment. The shift can be attributed to the change in the refractive  to approximately 380 nm due to the broadening and redshift
index of GaN near the emission band edge since simulations  of the emission band of GaN with increased temperature, as
conducted with temperature-corrected refractive indices of GaN  revealed by the PL spectra of Figure 4c. Also, an increase in the
exhibit the same redshift trend with a similar slope, as seen in  lasing threshold with temperature was observed in Figure 4d.
Figure 4b which gives the lasing wavelength dependence with  This degradation of the lasing threshold is due to a lower gain
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Figure 4. Effects of temperature (T) on lasing. a) Emission spectra of the 200-nm-period GaN BIC laser obtained under varying temperature from 273
to 383 K. b) Experimental and simulated dependences of the lasing wavelength with temperature. c) Measured photoluminescence (PL) spectra of the
GaN film at different temperatures. d) Dependence of the measured lasing threshold with temperature.
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of GaN caused by the increase in the nonradiative recombina-
tion rate with temperature.’!

2.5. Effects of Material Absorption and Finite Structure
Sizes on the Quasi-BIC Laser

Although ideal BIC modes can be utilized to achieve reso-
nances with Q near infinity, a real periodic structure supporting
the BIC mode, however, only reaches finite Q due to fabrication
imperfection, material absorption, and finite sizes of the struc-
ture. The effect of the absorption of the resist slabs was investi-
gated through simulations and plotted in Figure S4 (Supporting
Information). It is found that Q drops to a finite number when
the resist slabs possess a small material absorption k.

Next, the effect of the finite periodic structure size on lasing
thresholds, which is an important issue for laser devices, was
investigated experimentally by fabricating a set of samples
composed of periodic structures of different sizes on the same
GaN film. The periods of these structures are fixed at the same
value. The fabricated patterns differ in the number of resist
slabs (N) and corresponding areas. Experimental results are
plotted in Figure 5a, where the lasing threshold in terms of
energy density is found to increase from 16 to 24.5 mJ] cm™ as
the size of the laser shrinks from 2304 to 64 um?. The threshold
difference can be attributed to the drop of Q for the finite peri-
odic structure supporting quasi-BIC mode when N decreases.
In this work, the small lasing structure was demonstrated with
a side length of 8 um (N = 40) (Table S2, Supporting Informa-
tion).[14-1820-244253] 1t is noted that the size is also small com-
pared to the reported GaN-based VCSELs.3%%) The optical
feedback mechanism under different N values is investigated
by simulations, as shown in Figures S5 and S6 (Supporting
Information). For a structure with a large N, the field distribu-
tion shows the typical standing wave behavior along the x- and
z- directions, providing optical feedback for lasing. For a struc-
ture with a small N, the confinement in the x-direction becomes
weaker, but the oscillations in the z-direction can still provide
feedback for light amplification. That is, both modes contribute
to the lasing emission. Based on the different sizes of the fab-
ricated lasers, the lasing thresholds are calculated in terms of
the total pump energy, that is, the energy densities multiplied
by the effective pump area. (Here, the pump beam size in the
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experiment is 48 um in diameter. The effective pump area
refers to the laser area that is under pumping. That is, the effec-
tive pump area for a laser is equivalent to the laser area if the
pump beam is completely within the laser.) This normalized
relation between the total Pump energy and the laser area is
plotted in Figure 5b, showing a linear relationship between the
two parameters. The threshold of the smallest GaN BIC laser is
found to be 15.7 nJ.

3. Conclusion

Based on the concept of optical BIC, we demonstrate a BIC-
based laser in the UV region consisting of a 1D resist line-and-
space periodic structure on a GaN film. The laser structure is
fabricated without etching steps thus preserving the quality of
the GaN gain medium. Lasing linewidth as small as 0.10 nm
(FWHM) was achieved thus providing a linewidth among the
smallest reported for single-mode GaN-based UV micro-/nano-
lasers. The recorded far-field emission patterns and the polari-
zation states indicate that an out-of-plane lasing emission with
linear polarization is achieved. Moreover, the wavelength con-
trol of the GaN BIC lasers over the range from 371 to 380 nm
was demonstrated by varying the structure period and the tem-
perature. Finally, the dependence of the lasing threshold on
the size of the GaN BIC structure showed that lasing can still
be obtained for a structure size of 8 um. This work provides
a means to design tunable micro-/nanolasers with low-diver-
gence and out-of-plane UV emissions.

4. Experimental Section

Simulation: The far-field reflectance spectra were calculated using
the rigorous coupled-wave analysis (RCWA, RSoft Design Group, USA).
The electric field distributions of the modes were computed using
eigenfrequency studies (COMSOL Multiphysics, COMSOL, Inc., USA).

Laser Fabrication: The GaN film was synthesized using MOCVD
and characterized by ellipsometry (M-2000U, J.A. Woollam, USA).
The resist line-and-space periodic structures were fabricated on a
10 x 10 mm? GaN film by e-beam lithography. First, the OAP solution
(hexamethyldisilazane, HMDS) was spin-coated (3000 rpm for 30 s)
onto the GaN film and baked at 110 °C for 1 min. Second, a 100 nm
e-beam resist layer (ZEP520A, diluted with anisole (1:1)) was spin-coated

400 T T T T

pump energy (nJ)
N w
o o
o o

=

o

o
L
L

0 500 1000 1500 2000 2500
Area of lasers (um?)

Figure 5. The effect of the size of the GaN BIC laser on the lasing threshold. The lasing threshold of GaN BIC lasers with different sizes is shown in

terms of a) pump energy density and b) total pump energy.
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(6000 rpm for 2 min) onto the film and baked at 180 °C for 3 min.
Third, an Espacer layer (300Z, Showa Denko, Japan) was spin-coated
(4000 rpm for 60 s) onto the resist layer and baked at 110 °C for 10 min.
Then, the designed patterns were written with the e-beam lithography
system (F7000S-VD02, Advantest, Japan). After that, the sample was
rinsed with water for 60 s, developed in ZED-N50 (n-amyl acetate)
for 30 s, and rinsed with MIBK (methyl isobutyl ketone) for 30 s. After
development, the sample was dried in ambient air.

Optical Measurement: The experimental optical properties of the
fabricated lasers were obtained by pumping the samples with a 0.6 ns
laser pulse at 355 nm with a repetition rate of 1 kHz (picolo AOT 1-MOPA,
InnoLas Laser, Germany) except for the emission properties shown in
Figure 2d, which was obtained with a 250 fs laser pulse at 355 nm with
a repetition rate of 75 kHz (Orpheus-HP, Light Conversion, Lithuania).
The homemade experimental setup for lasing characterization is shown
in Figure S7 (Supporting Information). The pump light was focused
by an objective lens with a magnification of 20 times and a numerical
aperture of 0.45. The excited emission was collected and analyzed with
a spectrometer (SpectraPro HRS-500, Princeton Instruments, USA).
The optical images and the back focal plane images are collected with
two CCD cameras (CS505CU, Thorlabs, Inc., USA and CS165MU/M,
Thorlabs, Inc., USA), respectively. The temperature-dependent lasing
properties were characterized on a temperature-controlled microscope
stage (10084L, Linkam Scientific Instruments, UK).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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