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Deep-UV Photonic Crystal Surface-Emitting Lasers

Dogukan Apaydin,* Hjalmar Andersson, Lukas Uhlig, Sarina Graupeter, Joachim Ciers,
Giulia Cardinali, Erik Strandberg, Tim Wernicke, Michael Kneissl, Ulrich Theodor Schwarz,

Philippe Tassin, and Asa Haglund

Today’s ultraviolet lasers are bulky, expensive, have low power-conversion
efficiency, and usually suffer from poor beam quality. Semiconductor lasers
have addressed these issues in the visible and infrared parts of the
electromagnetic spectrum; but in the ultraviolet, they are just starting to see
the light of day. Edge-emitting semiconductor lasers are the only ones
demonstrated under electrical injection in the deep-ultraviolet (1 <280 nm)
and they inherently suffer from poor beam qualities, multiple modes, and
catastrophic optical damage to the mirror. The first deep-UV photonic crystal
surface-emitting lasers are demonstrated here. The devices show single-mode
emission around 279 nm with less than 1° beam divergence. They require a
specific design to overcome optical scattering and the low refractive index
that otherwise prohibits a 2D standing optical field. The optically pumped
deep-ultraviolet photonic crystal surface-emitting lasers offer drastically

1. Introduction

Semiconductor lasers have revolution-
ized many fields with their ability to de-
liver coherent light from a small vol-
ume in a power-efficient way. They have
therefore become the light source of
choice for many applications in opti-
cal communication,!! metrology,!?! and
spectroscopy.l®! Different laser types have
been developed to satisfy different needs,
where an edge-emitting laser (EEL)*
can deliver high optical output power
but with an elliptical output beam, and
a vertical-cavity surface-emitting laser
(VCSEL)P! can deliver a circularly sym-

improved beam quality and provide an important step toward low-divergent,

watt-class, electrically-driven UV PCSELs.
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metric low-divergent beam but with low
output powers in a single mode. More
recently, a new type of semiconductor
laser has emerged: the photonic crys-
tal surface-emitting laser (PCSEL), which
offers the potential to overcome this trade-off between output
power and beam quality in traditional laser diodes.[®! A PCSEL!
is from an epitaxial point of view similar to an EEL, but with a 2D
photonic crystal integrated either on top of or below the active
region. The photonic crystal results in a photonic band structure
where the group velocity of light goes to zero at the band edges.[®!
At these wavelengths, a 2D standing optical field can be formed
and lasing can be achieved. Surface emission is then realized by
out-of-plane diffraction of the mode with zero group velocity at
the photonic band edges.

The first demonstration of lasing from a photonic crystal
surface-emitting laser was achieved in 1999.°! This concept has
since been applied to different material systems and enabled the
development of high-power laser diodes at various wavelengths.
Infrared PCSELs have reached an output power of 50 W un-
der continuous-wave operation in a single mode with a diver-
gence angle below 0.05°.1*] Blue PCSELs were demonstrated in
2008, but it was not until 2022 that they reached watt-level out-
put powers,!1?l while green-emitting PCSELs have recently been
demonstrated under pulsed operation with tens of mW in output
power.[13]

There is a strong interest in pushing the emission wavelength
of semiconductor lasers to much shorter wavelengths, into the
ultraviolet (UV) spectrum, but this has proven to be challenging.
The first deep-UV, i.e., UV-C (<280 nm) EEL under continuous-
wave electrical injection™! and the first UV-B (280-320 nm) EEL
under pulsed electrical injection!’! were recently demonstrated,
while VCSELSs have only been demonstrated under pulsed optical

© 2025 The Author(s). Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 1. a) Schematic view of the PCSEL. b) Horizontally averaged refractive index profile (orange, solid line) and vertical mode intensity profile (green,
dashed line) for mode B; at the I'-point. c) A zoomed-in top-view scanning electron microscope image of the dry-etched photonic crystal after resist
removal. d) Measured (blue color scale) and calculated (red dots) band structure along I and I'-X directions for a PCSEL with a period of 140 nm, an
etch depth of 65 nm, and a hole-filling factor of 15%. The inset shows the calculated band structure close to the I'-point with labeling of the six transverse
electric modes. Modes A, By, By, C, D, and D, are labeled in ascending order at the I'-point, where B;, B, and D,, D, are degenerate.

pumping in the UV-BI*l and UV-C.['718] In the UV-C range, ran-
dom lasing action has been achieved with AlGaN nanowires un-
der electrical injection.'”) When it comes to UV lasers employing
2D photonic crystals, there is one report on a continuous-wave
electrically-injected laser with a nanowire-based photonic crystal
emitting at 367 nm, i.e., in the UV-A (320-400 nm).!2"] However,
it is not shown that lasing occurs at a band edge, which is often
used to confirm lasing set by a 2D photonic crystal.[2!]

A Dig challenge in realizing UV PCSELs is the difficulty in
achieving 2D oscillation due to the low refractive index of Al-
GaN materials, which results in a weak 2D coupling.['?! In ad-
dition, this already low 2D coupling can be further deteriorated
by an increased optical scattering at these short wavelengths that
is caused by a stronger influence from surface roughness and
small geometrical deviation from the perfect lattice.

Here, we demonstrate the first PCSELs emitting at deep-UV
wavelengths under optical pumping. With the appropriate design
and fabrication process, it is possible to achieve the high-quality
factor needed to achieve lasing. By choosing the correct hole-
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filling factor, we enforce the laser to operate at a mode with low
lateral loss, which produces the desired low-divergent (<1°) far-
fields.

2. Results

2.1. Device Structure and Fabrication

A schematic of the PCSEL is shown in Figure 1a. The epitax-
ial structure was grown by metal organic vapor-phase epitaxy on
a high-temperature annealed AlN/sapphire template.[??] It con-
sists of a 1000-nm-thick AIN cladding, followed by a 30-nm-thick
Al 5,Ga, 50N waveguide, three 2-nm-thick Al ,,Ga, 4N quantum
wells (QW) with 5-nm-thick Al ,,Ga, 5N barriers, and a top 30-
nm-thick Al ,,Ga, ;,N waveguide layer with a 100-nm-thick AIN
top cladding layer. The hexagonal photonic crystal with a period
of 140 nm and a lateral size of 140 x 140 ym? was defined by e-
beam lithography and dry etched 65 nm deep into the top AIN
cladding using Cl,/Ar plasma etching. The full process flow is
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Figure 2. a) Photoluminescence spectra in logarithmic scale at room temperature for different pump power densities under pulsed optical pumping. b)
The optical output intensity integrated over +40 pm around the lasing wavelength at room temperature as a function of pump power density and energy

per pulse. The inset shows a double logarithmic plot of the same data.

described in Figure S1 (Supporting Information). This left a dis-
tance of 65 nm to the topmost QW, which is enough to avoid
a reduction of the internal quantum efficiency due to plasma-
induced damage to the QWs.[2>"%] The main advantage of this
approach is that it eliminates the need for regrowth which signif-
icantly simplifies the fabrication process and avoids the risk of
degrading the active region when the growth fronts merge above
the photonic crystal shortly before the QWs during regrowth.

The vertical waveguide structure is designed such that the
maximum of the mode distribution is aligned with the QWs and
a tail of the mode overlaps with the photonic crystal on top, as
shown in Figure 1b. For a hole-filling factor of 15%, this gives a
confinement factor of I' 5y, = 6.7% in the QWs and I'pc = 2.9% in
the photonic crystal layer for the B; mode. The filling factor rep-
resents the ratio of the area occupied by the air hole to the unit
cell area. A high Iy, is important for high modal gain, while a
high I',¢. is crucial for strong in-plane feedback.[*?!

Asaresult, the investigated square lattices did only show lasing
through 1D oscillation and the focus was therefore turned to us-
ing a hexagonal lattice instead. Circular holes were used to min-
imize vertical losses and thereby the lasing threshold through
nonradiating bound-state-in-the-continuum modes.!?>%’] We fab-
ricated a large number of devices with different hole diameters
leading to filling factors ranging from 10% to 22%. Figure 1c
shows a top-view scanning electron microscope image of a PC-
SEL with a hole-filling factor of 15%. In Figure 1d, we show an
excellent agreement between the measured and simulated band
structure along the I'-] and I'-X directions for a PCSEL with a pe-
riod of 140 nm, an etch depth of 65 nm, and a 15% hole-filling fac-
tor. In the inset, we show the relevant bands around the I'-point,
where the modes have vanishing group velocity. It is this van-
ishing group velocity that creates the confinement of light neces-
sary for lasing action to occur. We refer to the Methods Section for
more details on the measurement setup and simulation methods.

2.2. Lasing Threshold and Emission Spectrum

Figure 2a shows the spectra of a PCSEL with a filling factor of
15% at different pump power densities. At 17 MWcm~2, the PC-
SEL has a broadband spontaneous emission centered at 278.4
nm with a spectral full width at half maximum (FWHM) of ap-
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proximately 2.3 nm. With increasing pump power density, the
linewidth undergoes significant reduction and a 17-pm-narrow
lasing peak (resolution limit set by the spectrometer) starts to ap-
pear at 278.85 nm for pump power densities above 17 MWcm™2.
Up to the maximum pump power density of 21 MWcm™2, which
is set by the maximum pump power available from the pump
laser and the pump spot size, the peak intensity steeply increases
with increasing pump power density and the PCSEL stays sin-
gle mode.

In Figure 2b, we show the output intensity integrated over +
40 pm around the lasing peak as a function of the pump power
density under pulsed optical pumping. For a pump spot size of
82 ym FWHM, aligned to the center of the 140 x 140 um?-sized
PCSEL, the PCSEL exhibits distinct threshold behavior around
17 MWcm™. Tt is worth mentioning that about 20% of the pump
beam is reflected by the photonic crystal and of the remaining
intensity only about 5% is absorbed by the QWs. Thus, the ef-
fective threshold pump power density is much lower than the
stated value.

2.3. Photonic Band Structure

Figure 3 shows angle-resolved emission spectra below and above
threshold for three PCSELs with a lattice constant of 140 nm and
different photonic crystal hole radii (24, 29, and 34 nm). These
radii correspond to hole-filling factors of 10%, 15%, and 22%, re-
spectively. All devices show similar band structures below thresh-
old (recorded along the I'-J direction) matching the simulations
in Figure 1d. The bands exhibit a slight shift toward shorter wave-
lengths of the I'-point modes with increasing filling factor. This is
due to a reduced effective refractive index of the photonic crystal
layer with increasing filling factor caused by an increased air-to-
material ratio. As a result, the mode’s vacuum wavelength at the
I'-point shifts toward shorter wavelengths to compensate for this
decrease in average refractive index.

Above threshold, a single lasing peak is achieved for all filling
factors. The magnified views of the lasing peaks are depicted as
insets. However, lasing occurs in different I'-point modes in PC-
SELs with different filling factors. For a filling factor of 10% and
15% either the degenerate B, and B, modes or the C mode is

© 2025 The Author(s). Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 3. Measured angle-resolved emission spectra in linear scale in the I'-] direction, below- and above threshold for PCSELs with hole-filling factors
of a) 10%, b) 15%, and c) 22%. The left half of each figure was measured below threshold, the right half is above threshold. The multiplication factors
at the bottom indicate how much the emission below threshold has been multiplied to be plotted in the same color scale as the measurements above
threshold. The spectral and angular resolutions of the measurements are 17 pm and 0.12°, respectively. The insets show a zoomed-in angular-resolved

spectrum of the lasing peak.

lasing, but it is difficult to experimentally determine which one
is due to the very narrow wavelength spacing of these modes
(caused by the small refractive index contrast between air and
AIN) in relation to the spectral broadening of the dispersion
branches. For the largest filling factor of 22%, the A mode clearly
lases. Further insight into which mode lases and why is discussed
in the Supporting Information where simulated results on loss
rates and QW overlap factor for different filling factors are pre-
sented. The total loss (i.e., both lateral and vertical) is the lowest
for the A mode for a filling factor of 22%, while it is the lowest for
the B, mode for lower filling factors. In addition, the field over-
lap with the QW (and thereby the modal gain) is higher for the
A mode for the largest filling factor. Thus, what is seen experi-
mentally is likely a switch from the B; mode to the A mode at the
higher filling factor of 22%.

2.4, Far-Field Emission Pattern

In Figure 4a—c, we show the far-field emission patterns of the
three PCSELs discussed in Figure 3 when pumped at 1.2 times
the lasing threshold (P,,). For the smallest filling factor we see six
pairs of highly divergent dual emission lines at pump power den-
sities above 12 MWcm™2. Other PCSELs with similar filling fac-
tors (=10%) show the same type of emission pattern, but some-
times only two or four of these pairs of dual emission lines ap-
pear, see Supporting Information. These types of far-fields indi-
cate that the symmetry in the different crystallographic directions
has been broken, either by the fabricated structure or the pump
beam, and is in literature often referred to as 1D oscillations in
PCSELs.[1228:29] For this lowest filling factor (10%), the coupling
between the propagating modes by the photonic crystal is weaker
and therefore the influence from symmetry-breaking becomes
more prominent. For the middle (15%) and highest filling factor
(22%) on the other hand we see a doughnut-shaped far-field pat-
tern in the center with a divergence angle of less than 1° at the
FWHM; which is a characteristic feature of lasing in a PCSEL.
Such a doughnut-shaped emission pattern has been reported for
infrared PCSELs with circular holes*®3! and is due to the circu-
lar symmetry of the holes leading to destructive interference at
0° resulting in zero intensity in the center of the far-field.??

Laser Photonics Rev. 2026, 20, e00271 €00271 (4 of 7)

For the highest filling factor, we can in addition see signifi-
cant emission in certain well-defined directions up to very high
far-field angles. These sixfold dual emission lines are compati-
ble with the six-fold symmetry of the photonic crystal. A simi-
lar behavior has been observed in an infrared PCSEL3] with a
hexagonal lattice, where the dual emission lines coincided with
a cross-section of the band structure of the B, band of the device
at the lasing wavelength of the A mode. The same is true for our
PCSEL with a hole-filling factor of 22%, see Figure 4e,f, where
a cut through the B, band in the three-dimensional band struc-
ture at the lasing wavelength of the A mode is shown as well as
a cut through the B, band. The latter would result in the smaller
star-shaped pattern indicated by red in the simulated far-field, but
even higher resolved far-field measurements would be required
to investigate this further. What we in addition show here is that
the dual emission lines have the same narrow emission wave-
length as the doughnut-shaped emission in the center, see Sup-
porting Information. This peculiar emission pattern is thus not
caused by multi-mode lasing, but is rather due to a scattering of
light from the lasing mode by for example small imperfections
from material defects and etched-induced roughness (both en-
hanced at short wavelengths) or by a nonlinear scattering process
such as four-wave mixing (enhanced by the high nonlinear sus-
ceptibility of AIN). For the middle filling factor of 15%, the PC-
SEL lases in the B, mode, and the dual emission lines are now
much weaker. To better understand this behavior, we estimated
the vertical and lateral losses in 80-ym-diameter devices with dif-
ferent filling factors using a k-space-weighted loss estimation ap-
plied to a band structure calculated by the guided mode expan-
sion method (see Methods). For a 22% filling factor, the A mode
has the lowest overall losses (276 ns™!) and is therefore predicted
to be the lasing mode, which is also the lasing mode we see ex-
perimentally. However, the vertical loss of the A mode (16 ns™') is
relatively low; thus, a small amount of the power is coupled out
vertically from this lasing mode. On the other hand, light scat-
tered from the lasing A mode into the non-lasing B, band can
easily be outcoupled into the vertical direction since the vertical
loss of the B, band is comparatively high (429 ns™?), see Support-
ing Information. Therefore, the emission seen in the far-field has
a strong contribution from the light scattered into the non-lasing
B, band. For a mid-range filling factor of 15%, the mode with the
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Figure 4. Measured far-field emission patterns of three PCSELs with hole-filling factors of a) 10%, b) 15%, and c) 22% when pumped at 1.2 X P,. The
inset in (b) depicts a zoomed-in image of the doughnut-shaped emission at the center. d) Simulated band structure for a filling factor of 22% showing all
bands in I'-X and I'- direction with a blue dotted line at the lasing wavelength. e) Simulated 2D band structure of band B, highlighting a cross-section of
the band structure at the lasing wavelength (blue plane). f) Top-view of the same cross-section of mode B, (green) and a cross-section of mode B,
(yellow) at the same lasing wavelength, corresponding to the top of the A band. The wave vectors k, and k, can be converted into angles in the x and y

directions using the expression 6, , = sin”! (kyy/(2mn/ 4g)), where n is the refractive index of the medium, 4, is the free-space wavelength.

overall lowest losses is instead the B, mode (234 ns™'). The verti-
cal loss of this mode is 184 ns™!, which is comparable to that of
the B, mode (183 ns™!) at the same filling factor. Therefore, a sig-
nificant portion of the power in this lasing mode is outcoupled
and dominates the far-field emission, with only weak emission
contribution coming from light scattered into the non-lasing B,
band and vertically outcoupled.

The filling factor thus plays a vital role in controlling which
mode will lase, which in turn determines the far-field emission
pattern. A too small filling factor results in dominating 1D oscil-
lation while a too large filling factor yields 2D oscillation, but with
increased scattering losses and thereby a distorted far-field. How-
ever, with a filling factor in between, dominating 2D oscillation
can be achieved with a high-quality and low-divergent far-field.

3. Conclusions

We here demonstrate the first optically pumped deep-UV PCSEL
with emission wavelengths below 280 nm. It employs a hexag-
onal lattice with circular holes etched into the top AIN waveg-
uide to improve the 2D coupling and lower the threshold. Under

Laser Photonics Rev. 2026, 20, e00271 €00271 (5 of 7)

pulsed optical pumping, it shows single-mode emission with a
doughnut-shaped far-field with a beam divergence of less than
1°. We also demonstrate the importance of choosing a proper
filling factor for PCSELs in a low-refractive index material operat-
ing at short emission wavelengths. A too low filling factor results
in dominating 1D oscillation, while a too high filling factor re-
sults in peculiar far-fields with the laser emission coupling into
non-lasing bands, which distorts the far-field and produces large
divergence emissions. By a proper choice of the filling factor, of
about 15% in our devices, the desired 2D oscillation with high-
quality far-fields with low beam divergence can be obtained. This
holds great promise for the realization of high-power deep-UV
lasers with high beam qualities.

4. Methods

Device Fabrication: The fabrication process of the optically
pumped deep-UV PCSELs comprises three main steps: 1. e-
beam lithography 2. development and 3. dry etching. For the
e-beam lithography, the high-resolution e-beam resist hydrogen
silsesquioxane (HSQ) with a thickness of 40 nm was used. After

© 2025 The Author(s). Laser & Photonics Reviews published by Wiley-VCH GmbH
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the exposure, the resist was developed using the salty developer
NaOH/NacCl for 120 s at room temperature. HSQ exhibited high
dry etch resistance as it turns into SiO, after e-beam exposure.l>*]
This SiO, hard mask was used to etch the photonic crystal pattern
65 nm into the top AIN layer with a Cl,/Ar dry etch, leaving 65
nm between the etched surface and the top QW. The remaining
hard mask was then removed with buffered oxide etchant (BOE).

Experimental Setup and Characterization: The devices were
characterized with an angular resolved spectrometer (Princeton
Instruments SpectraPro HRS-750) and the experimental setup
is illustrated in Figure S3 (Supporting Information). The devices
were optically pumped from the photonic crystal side with a 266-
nm pulsed laser (Alphalas PULSELAS-P, 20 kHz repetition rate,
0.55 ns pulse width) at room temperature with a pump beam spot
size of 82 um at full-width half-maximum. To measure the far-
field emission pattern, all the emitted light was collected within
the numerical aperture (NA = 0.39) of the objective (Thorlabs,
LMU-20X-UVB). The pump beam was partially reflected by the
sample toward the spectrometer. This light was filtered out by
a long-pass filter. For the band structure measurements, where
both spectral and angular information was needed simultane-
ously, the slit located at the entrance of the spectrometer was
employed. The slit width was adjusted to only transmit the light
within = +0.2 degrees in one axis.

Device Simulation: For calculating the photonic band struc-
ture of an ideal PCSEL structure, two different approaches
were used with different capabilities. First, the eigenfrequency
solver (frequency domain module) with the FEM-solver in
commercially-available simulation software COMSOL Multi-
physics 6.13%] was used in a 3D simulation to calculate the con-
finement factors for the different modes at the I'-point for differ-
ent filling factors, as well as the mode profile in Figure 1b and
the band structure in Figure 1d.

The simulated structure corresponds to the fabricated PCSELs
and included an AIN substrate, which also works as the bottom
cladding, a 76-nm-thick Al,,,Ga,;,N waveguide and a 100-nm-
thick top AIN cladding. The 65-nm-thick upper part of the top
cladding was the photonic crystal layer and included a hexago-
nal lattice of circular air holes with a lattice constant of 140 nm
and variable radius. The QWs were included in the thickness of
the waveguide layer but were not defined as layers with different
refractive index, because the index difference between the QWs
and barriers becomes reduced due to pumping of the QWs. A
thickness of 250 nm for the substrate layer in this model was suf-
ficient for realistic optical confinement. These simulations only
use real refractive indices, i.e., no absorption or gain was consid-
ered. A refractive index of 2.260 was used for AIN and 2.418 for
the Al ,,Ga, ;N waveguide layer. The latter value had been fit-
ted to obtain the measured wavelengths at the active band edges
for different filling factors. The photonic band structure from
this approach was used for estimating the optical losses for each
mode, for calculating coupling coefficients, and to consider cross-
sections through the band structure at specific wavelengths that
form the dual emission lines in the far-field.

Loss Estimation: To estimate the vertical and lateral losses in
a finite PCSEL it was crucial to consider finite-sized effects. The
losses were estimated from the calculated photonic band struc-
ture, assuming a finite-sized pumped area with 80 ym in diame-

ter. To calculate the band structure w(k,, k,) was used the guided
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mode expansion method. In order to cover the whole first Bril-
louin zone, 40 different paths were defined from the I'-point to
the edge of the Brillouin zone, ranging between the I'-] and I'-X
paths. On each path, 400 equidistant points were chosen to cal-
culate the respective frequencies of all involved photonic bands.
This covers one of twelve segments of the Brillouin zone, which
was equal to all the other parts, as given by the symmetry of the
lattice. The guided mode expansion was used to calculate the
complex frequencies of each mode depending on the wave vec-
tor k in the vicinity of the I'-point. The imaginary part of the fre-
quency corresponds to the photon loss rate due to vertical out-
coupling. To account for the finite size of the pumping spot, not
only the I'-point was considered (as for an infinitely large PCSEL),
but the intensity distribution in k-space was assumed to follow a
Gaussian distribution as follows:

il
I(k) « exp | ——— (1)
265

For a PCSEL diameter of 80 ym the width in k-space was
0, = n/80 um. To calculate the actual vertical outcoupling rate,
the k-resolved vertical losses were averaged over the 2D k-space,
weighted with the normalized mode intensity profile I(k). This
was done for each mode and for different filling factors. One no-
table difference in the band structures was the variation in out-
coupling losses for different modes. Specifically, modes D, and
D, exhibit high levels of radiation losses making it impossible to
utilize these modes for lasing purposes. In contrast, mode A on
the other hand showed very low outcoupling loss at the I'-point in-
dicating that the energy was efficiently confined in the structure
and the mode may be favored for lasing. To estimate the lateral
losses, the group velocity v, = dw/dk was determined from the
band structure for each point in 2D k-space near the I'-point. Un-
der the assumption that the photons leave the pumped region
sideways with v,, without scattering, the loss rate was approxi-
mated by v,,/L, where L was the mean path length of a photon
until the edge of the pumped region was reached. For this, the
radius of the pumping spot, i. e., 40 ym was used. The result-
ing loss rates corresponding to each point in k-space were again
averaged, weighted with the normalized mode intensity distribu-
tion I(k), as for the vertical losses. Figure S7a (Supporting Infor-
mation) shows a summary of the calculated vertical and lateral
losses for six different transverse electric modes at three differ-
ent hole-filling factors with the same labeling of the modes as for
the band diagram in Figure 1d.

Supporting Information

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