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Far-ultraviolet (UV) light has a wide range of global applications, including virus inactivation, bacterial
disinfection, human body sterilization, communication, and sensing. Nitride semiconductors, such as AIN
and AlGaN, are particularly advantageous for wavelength conversion applications because of their large
energy bandgap of approximately 6 eV, which provides excellent transparency in the far-ultraviolet
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spectrum. In this study, we employed a transverse-quasi-matching approach to design and fabricate an
AIN/AlGaN strained-layer superlattice (SLS) channel waveguide. The wavelength spectra and power
DOI: 10.1039/d5ma01423a dependency of the SH intensity confirm the first successful demonstration of far-UV light emission from

a polarity-inversion-free SLS structure via the enhancement of the second-order nonlinear optical
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Introduction

AIN- and AlGaN-based far-UV light sources are highly effective
for viral inactivation and bacterial disinfection. These ultravio-
let (UV) light sources are non-toxic and devoid of dangerous
arsenic, mercury and lead. The optimal virus inactivation
efficiency of deep-UV light is achieved at a wavelength of
260 nm."™ Low-pressure mercury lamps producing UV light
at a wavelength of 254 nm have previously been used in these
applications; however, AlGaN-based light-emitting diodes
(LEDs) with a wavelength of approximately 260 nm have
recently replaced mercury lamps owing to their superior effi-
ciency, environmental sustainability, and long lifespan.>”
Nonetheless, these UV light wavelengths are detrimental to
human skin as they can obliterate human cells. Conversely, a
230-nm far-UV light source, which has high disinfection and
sterilization efficacy, can be utilized in the presence of human
skin because the stratum corneum absorbs this wavelength of
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susceptibility by piezoelectric polarization under ultrashort pulse stimulation.

far-UV light and is non-harmful even with direct exposure to the
human body.®™® Far-UV germicidal application for air, sur-
faces, food, and water has been previously reported when
mercury (Hg) UV lamps were utilized instead of other far-UvV
light sources. Recent findings indicate that the COVID-19
pandemic significantly altered the dynamics of the far-UV light
industry, particularly accelerating the growth of UV steriliza-
tion, purification, and disinfection applications beyond the
initial projections made in 2017.""'> Excimer lamps emitting
at a wavelength of 222 nm are commercially available. However,
they are hindered by significant limitations, including high
costs attributed to the utilization of expensive gases, large size,
low efficiency, and limited lifetime. AIN and AlGaN-based LEDs
possess significant potential to supplant excimer lamps
because of their reported emission at the shortest wavelength
of 210 nm.">'* The global far-UV LED market was valued at
USD 915.7 million in 2024 and is projected to expand at a
compound annual growth rate (CAGR) of 31.6% from 2025 to
2034."> However, commercially available far-UV light sources
are limited in quantity and are somewhat expensive. It is
challenging to further shorten the emission wavelength, and
preserving a high wall-plug efficiency is particularly difficult
owing to the insulating nature of wide-bandgap materials.">"®
Owing to the same reason as AlGaN Fabry-Perot laser diodes
(LDs), the shortest emission wavelength is 274 nm during
continuous-wave operation.'” The advancement of far-UV LEDs
and LDs remains problematic owing to the insulation charac-
teristics of AlGaN, difficulty in impurity doping, and carrier
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injections. Consequently, an innovative method is required for
the fabrication and advancement of far-UV light sources.

Presently, far-UV light sources predominantly utilize ArF,
KrF, and Ar-ion gases, as well as higher harmonics produced by
infrared lasers (Nd: YAG and Ti: sapphire).'® Wavelength con-
version technology is an efficient approach for generating far-
UV light. Various bulk crystals, including p-BaB,0, (BBO) and
CsLiBgO;o (CLBO), have been extensively utilized for wave-
length conversion techniques in industrial applications.'®?°
In these commercially available devices, high conversion effi-
cacy can only be achieved at high-power excitation owing to the
minimal nonlinear optical coefficients. Waveguide devices with
quasi-phase matching (QPM) structures exhibit a periodic
polarity inversion along the longitudinal direction to obtain a
high conversion efficiency owing to the extended interaction
duration while maintaining a high power density even under
low-power excitation levels.”* The second-harmonic generation
(SHG) emission wavelength from devices with ferroelectric
materials such as LiNbO; and LiTaO; has gradually been
shortened toward 300 nm owing to the large nonlinear optical
coefficients and availability for fabricating periodic polarity
inversion structures by external voltage application.”>>* How-
ever, the far-UV regime is inaccessible because of its limited
transparency range. Another intriguing nonlinear optical crys-
tal, LaBGeOs, although transparent at a wavelength of 190 nm,
cannot achieve efficient wavelength conversion owing to its
small optical nonlinearity.**

AIN has recently emerged as an excellent candidate for far-
UV light generation via SHG because of its substantial second-
order nonlinear optical susceptibility along the c-axis, which
ranges from 4 to 7 pm V. Furthermore, AIN exhibits strong
thermal conductivity (approximately 370 W mK ') and a broad
transparency range (200 nm to 1.5 um), leading to a substantial
optical damage threshold and broad spectral tunability.>*>°
Modal dispersion phase matching (MDPM),>**® coupling-
length phase matching (CLPM),>°3* birefringence phase
matching (BPM),** and QPM>>*® have been reported as meth-
ods to satisfy phase-matching conditions. Given that birefrin-
gence is not achievable in AlN, it appears that SHG of laser light
with MDPM, CLPM, and QPM are possible alternative
methods."® QPM can be accomplished via two methods: peri-
odically altering the material polarity along the propagating
direction (longitudinal QPM, LQPM) or vertically inverting the
polarity across the waveguide (transverse QPM, TQPM). A
LQPM device structure based on a waveguide has predomi-
nantly been employed for the wavelength conversion process
made by electric-field poling for ferroelectric materials, demon-
strating high efficiency owing to its access to the materials’
largest nonlinear optical susceptibility.’’*® SHG in AIN wave-
guides has been proven as an alternative to electrically injected
ultraviolet light sources, utilizing third-order LQPM facilitated
by polarity-engineered structures, resulting in UV emission at
around 344 nm wavelengths,'® but its conversion efficiency was
nearly one order of magnitude lower than that of a first-order
LQPM structure. Therefore, the fabrication of first-order LQPM
structures for 250-270 nm UV light has also been reported, but
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SHG has not been reported yet,**** probably because of the
difficulty in realizing a high-quality and low-loss short-period
polarity-inverted waveguide with smooth sidewalls.

The TQPM enables phase matching through the MDPM
between the zeroth-order fundamental mode and higher-
order second harmonic (SH) guided modes, while the nonlinear
optical interaction is enhanced by inverting the polarity at the
nodes of the SH modal distribution.**™*' UV SHG at a wave-
length of 306 nm has been demonstrated in an AIN waveguide
with a thickness satisfying the MDPM,** but there have been no
reports of TQPM attempts from groups other than ours. In a
previous study, we proposed and fabricated a novel structure, a
TQPM SHG channel waveguide, including a vertically stacked
polarity-inverted AIN bilayer.>" The polarity inversion methods
for AIN have been reported elsewhere.**™” A channel waveguide
comprises an Al-polar/N-polar AIN (+¢/—c¢ AIN) multilayer, fab-
ricated via sputtering and subsequent face-to-face annealing
(Sp-FFA),*® successfully demonstrating a 229 nm far-UV SHG.*
While MDPM, polarity-inverted TQPM, and piezoelectrically
enhanced polarity-inversion-free TQPM all demand precise
control of the longitudinal phase mismatch, the MDPM results
in a low conversion efficiency owing to the lack of efficient
nonlinear optical coupling, and polarity-inverted TQPM-based
strategies place additional burdens, such as a well-defined
epitaxial polarity-inversion method or deliberately wafer bond-
ing technology, both of which complicate the sample fabrica-
tion process.*®* This endeavor seeks to surmount the barriers
and present innovative concepts to enhance the efficacy of
far-UV light by adopting a polarization-inversion-free TQPM
approach.

In addition to nonlinear optical applications, AIN/AlGaN
heterostructures have been thoroughly advanced for deep-
ultraviolet optoelectronic devices, such as n'-AlGaN tunnel-
junction concepts proposed for 254 nm DUV LEDs, and recent
reviews summarize the progress toward high-efficiency UVB
AlGaN LEDs in the 290-310 nm band.>**! Research on (0001)-
oriented AIN/AlGaN quantum wells and quantum dots has
provided complementary insights into the quantum-confined
optical properties of closely related nitride.””

In this study, we fabricated a polarity-inverted-free Al-
polar AIN/AlGaN strained-layer superlattice (SLS) waveguide
to introduce a novel method for modulating the effective d3;3
via third-order nonlinear optical effects by strong piezoelec-
tric polarization rather than spontaneous polarization inver-
sion, that is, crystallographic polarity inversion. The primary
purpose of growing AIN/AlGaN SLSs was to simplify the device
fabrication process compared to previously reported device
structures for SHG processes and to enhance the nonlinear
coupling coefficient by harnessing the piezoelectric field in
the TQPM device. TQPM, based on the spatial modulation of
the nonlinear optical constants d;; and modal dispersion,
can increase the wavelength conversion efficiency. As a result,
far-UV SHG at 230 nm was successfully demonstrated. This
study provides an in-depth analysis of the far-UV SHG device
structure, methodology, fabrication processes, and optical
results.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Methodology

In nonlinear optics, the polarization P of a material in response
to a fundamental optical field E“ without static electrical field
is described by a power series expansion:

p=p° +P2w +P3w t...=¢ [[I)Ew + goxgj)(Eu))Z + F()ng)( 0)3 +
(1)

where the i-th term induces nonlinear polarization via i-th-order
nonlinear optical susceptibility y(’) When a strong piezoelectric
field Ey, is applied in the material, third-order nonlinear suscepti-
bility contributes to the second-order nonlinear process as a con-
tribution of nonnegligible four-wave frequency mixing 5®(—2w;
,,0). The second-order nonlinear polarization P*” then becomes

P> = so(;(%) + X(3)E 2 E‘” = sole&(E‘” (2)

Therefore, the effective second-order susceptibility ,(fff} is
described as

1= 13+ 1V Ep 3)

In prior investigations, researchers have employed the
second-order nonlinear optical susceptibility to augment the
nonlinear optical coefficient y% by using eqn (2). Upon fulfill-
ment of the MDPM condition, the wavelength conversion
efficiency is determined by

n=tanh’ <K POL> (4)

where L represents the length of the waveguide, P, denotes the
fundamental wave power, and k signifies the nonlinear cou-
pling coefficient. x is directly correlated to the nonlinear optical
constant djs(= 1%/2 and is expressed as,

20)80

20 [ P (e ) B (e i)dvdy. 5)

where o is the angular frequency of the fundamental wave, ¢, is
the dielectric constant vacuum. ds3(x,y) in eqn (5) represents

(a)
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the situation of TQPM that has spatial modulation. For materi-
als with a wurtzite crystal structure, such as AIN and GaN, the
ds3(x,y) component isss the dominant coefficient utilized when
all interacting fields are polarized along the crystal’s c-axis. The
overlap integral in eqn (5) represents the strength of the
coupling of the square of the fundamental wave [E”(x,y)]> and
the SH wave [E>“(x,y)]” via ds3(x,). In this study we enhanced
the nonlinear coupling coefficient by introducing a novel
approach for modulating the d;; by utilizing the third-order
nonlinear optical effects induced from a strong piezoelectric
field Ep, in the SHG TQPM device structure instead of polarity
inversion. If the introduction of the strain in the SLS consider-
ably increases the piezoelectric field E},, and alters the sign of
ds3(x,y) from those of AIN layers, the enhancement of x as
shown in Fig. 1(a). On the other hand, we have also investigated
the impact of recently reported 3% values of multiple quantum
wells (MQWs) on sign of ds;(x,y). MQWs are based on AIN and
AlGaN multiple layers and show an increment of approximately
9.76 times to 20 times more than the previously reported values
of %), and x enhancement can be shown in Fig. 1(a) and (c).*
The utilization of 3% for the SLS structure leads to « values as
shown in Fig. 1(b). The cross-sectional dimension of the
channel waveguide was designed to comply with the MDPM
requirement between a 460 nm fundamental wave of the first-
order TMo-guided mode and a 230 nm SH wave of the second-
order TMy, mode. The TM-polarized fundamental wave was
selected to capitalize on the highest nonlinear optical tensor
component dj; of AIN, resulting in the generation of a TM-
polarized SH wave. The subsequent sections provide a compre-
hensive explanation of the design and fabrication of the device.

Design of SHG device

A cross-sectional schematic of the TQPM device structure based
on a polarity-inversion-free AIN/AlGaN SLS is shown in Fig. 2.
The channel waveguide had an ultra-thin AIN layer with a
thickness of 84 nm on a sapphire substrate, an SLS region
consisting of 13 layers of AlGaN and 14 layers of AlN, followed

(b)

(=d ds E2w Ew i 2w
460 nm SiO, 230 nm 460 nm SiO, 230 nm
TMog TMo TMgo TMo,
AN e AN ~—
- S N1 < - ) G 3 = »
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Fig. 1
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(a—c) Schematic of a transverse QPM SHG device with a vertical non-polarity-inverted SLS structure.
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Fig. 2 (a) Cross-sectional TQPM structure of the AIN/AlGaN SLS channel waveguide. (b) Multilayer structure of the channel.

by a 115-nm-thick AIN layer. The thicknesses of the AlGaN and
AIN layers were approximately 2 and 4 nm, respectively. The AIN
molar fraction in the AlGaN layers was 88%. Silicon dioxide
(Si0,) serves as a cladding layer to protect the channel wave-
guide during the formation of end facets, despite the reduction
in optical confinement.

Using the finite difference method, we solved Maxwell’s
equations to calculate the effective refractive indices and elec-
tric field distributions.>® Given the utilization of Transverse
Magnetic (TM)-polarized waves, the optical constants for AIN,
sapphire, and SiO, were sourced directly from the published
literature, selecting values corresponding to their extraordinary
refractive indices. For SLS, an effective medium approach was
utilized, assuming that its refractive index was the average of
the published AlGaN and AIN refractive indices. The extraor-
dinary refractive indices were used in all calculations. Fig. 3
illustrates the effective refractive indices of the first- and high-
order transverse magnetic modes for the fundamental and SH
waves, respectively, as a function of waveguide thickness for a
channel waveguide width of 1.2 um. At a channel waveguide
thickness of approximately 280 nm, the modal dispersion
phase matching (MDPM) condition was satisfied between the
TM,o guided mode of the fundamental wave at a wavelength of
460 nm and the TM,, guided mode of the SH wave at a

S
%]

% TMy,
"8 2.10 |
[
N ™
2 >
= 208
2 TM,,
=
[5)
o 206 |
1)
=
~—
é 204 |
= TM,,
202 1 1 1 1 1 1
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Waveguide thickness (nm)

Fig. 3 Effective refractive indices of fundamental (red) and SH (black)
modes as a function of waveguide thickness for a 1.2 um waveguide width.
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wavelength of 230 nm. The waveguide thicknesses that satisfied
the MDPM conditions between TM,, and higher SH modes,
specifically TM,; and TM,,4, were estimated to be approximately
432 and 573 nm, respectively. We obtained an average electric
field of approximately —0.15 MV cm ™" for a fully strained SLS
region under no bias voltage application by utilizing SiLENSe
5.14, as shown in Fig. 4(c). The energy band profile shows a
reverse-signed piezoelectric contribution across the SLS com-
pared to that of AIN, as shown in Fig. 4(a) and (b). In this study,
SILENSe simulations were performed under the assumption
that each AIN/Alj gsGay 12N layer remained pseudo-morphically
strained to the underlying AIN/sapphire substrate. The SILENSe
simulations assume coherent, fully strained layers with abrupt
interfaces, and the resulting electric field represents a spatially
averaged polarization field across the SLS region. The strain
state and polarization of the SLS structure were calculated
theoretically and then compared with the simulation results
using SILENSe 5.14. To compare with the device simulations,
we initially employed the conventional IlI-nitride polarization
parameters established by Ambacher and Bernardini,®>®
which replicate the overall magnitude of the simulated in-
plane and out-of-plane strains but show negligible deviation
between the contributions of spontaneous and piezoelectric
polarizations. Subsequently, we recalculated the polarization
using the updated formalism of Dreyer et al. and Fichtner
et al.,>”® To confirm the precision of our theoretical frame-
work, we examined the piezoelectric polarization using both
the 'proper’ and 'improper’ constants proposed by Dreyer et al.
Our analysis showed that improper constants produced signif-
icant deviations from the SILENSe simulation data, leading to
polarization values 2.5 times higher than the simulated data.
However, the proper constants were very similar to both our
simulation results and the values that Bernardini and Amba-
cher established in the past. The enhancement of x values
without inverting the crystallographic orientation is due to the
increment of /ng% which was dominated by X(S)Epz term in
eqn (2) thanks to the strong average electric field inside the SLS
structure,’®®® where the electric field strength is plotted as a
function of position, where the y-axis represents the averaged
electric field over the specified spatial domain—in this
instance, the full superlattice region spanning from 85 nm to
165 nm above the AlIN/sapphire interface. The x value was
obtained by utilizing the /fff%, Xﬁ)QW and 1(3) values from the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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literature: the averaged ;(%) value of 7 pm V™! among several
literatures ranging from 1.89 to 3.82 W~ em ™ for AIN, and
assumed 3 value for GaN of 1.3 x 1072° m? v~2.°%°1 For a
structure based on AIN/AlIGaN MQWs, the reported Xﬁ)qw values
are 308.97 pm V' and —139.7 pm V~'** which shows that y*)
value might be much larger than the reported 3 value for
GaN. Three different pairs of x values have been calculated
based on the 7 values reported in the literature by taking the
average electric field of —0.15 MV cm™'. Moreover, we have
assumed the 7® value of GaN to find the estimated « values.
The x values calculated for TM,,, TM,; and TM,, SH modes
were 1.23, 0.25 and 0.14 W~ em™, respectively for consider-
ing & value of AIN in SLS structure. The low value of « is
due to the utilization of extremely small value of 5©® for GaN
which shows that ;{[S)EpZ factor is not enough to alter the sign of
ds; as shown in Fig. 1(b). Moreover, x values calculated for
TMg,, TMy; and TM,, SH modes were 235.4, 108.8 and
52.76 W2 em ™!, respectively for considering y{ihw value of
AIN/AIGaN in SLS structure. These higher x values are owing to
the 20 times enhancement of XﬁJQW as compared to x%] as
shown in Fig. 1(c). Positive y{ihw might be due to the weaker
internal field and the contribution of electric field induced
term is small. In addition to this, we have utilized another

© 2026 The Author(s). Published by the Royal Society of Chemistry

(a) Energy band profile of the SLS structure. (b) Magnified image of the SLS region, and (c) electric field profile across the SLS region.

xﬁ)QW value of —139.7 pm V', this higher negative reported value
might be due to the domination of electric field induced term
over the intrinsic X(Z). The calculated x values for TM,,, TM,; and
TM,, SH modes were 112.6, 53.27 and 25.18 W2 cm™?,
respectively for considering negative xﬁ)Qw value of AIN/AlIGaN
in SLS structure. These higher values of kappa are due to the
alters sign of ds;(x,y) as shown in Fig. 1. (a). If we consider the 3%
value of AIN in SLS structure, the TMy-"TM,, coupling « is slightly
less than that of the single-layer structure without polarity
inversion.®***> On the other hand, if we consider the y{ihw in
SLS structure, the TMy,-TM,, coupling x is many times higher
than that of the single-layer structure without polarity inversion.
In one of our previous works, we achieved a « value of 4.2 W~/
ecm ! with a polarity-inverted AIN bilayer TQPM SHG device.>!
Therefore, in this study, a sufficiently high « value is expected for
experimental demonstration (Table 1).

Fabrication process of SHG device

The fabrication process of the SHG device is shown in Fig. 5.
84-nm-thick ultra-thin AIN layers were fabricated by Sp-FFA on
a pair of 2-inch c-plane sapphire substrates, as shown in
Fig. 5(a). The root-mean-square (RMS) roughness of the AIN
layer was 0.13 nm, measured using atomic force microscopy

Mater. Adv.
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Table 1 Relationship between 3@ (AIN and AIN/AIGaN MQW), effective
ds3, and the calculated nonlinear coupling coefficient k (TMgg—TMgy),
taking (E) = —0.15 MV cm™?

dss X(ezf}r X(S) K

(pmV™")  (pmV')  (m*V?) W2 em™)
72 7 14 1.3 x 1072° (GaN) 1.23
Zw  308.9 617.7 1.3 x 1072° (GaN)  235.4
Aw  —139.8 —279.6 1.3 x 107%° (GaN)  112.6

(AFM) in a 5 x 5 pm” area. Subsequently, an AIN/Alg gsGag 1N
SLS structure was fabricated by metalorganic vapor phase
epitaxy (MOVPE) over the Sp-FFA AIN layer, as shown in
Fig. 5(b). The SLS contains 13 pairs of AIN and Al ggGag 1N
layers over the first 4-nm-thin AIN layer. The thicknesses of AIN
and Al gsGag 1,N in the SLS were 4 and 2 nm, respectively. The
thickness of the second AIN guiding layer was 115 nm approxi-
mately. The detailed method for the epitaxial growth of SLS has
been described elsewhere.®* After MOVPE growth, the RMS
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surface roughness was determined to be 0.15 nm. The total
thickness of the SLS structure was approximately 280 nm.
Fig. 5(c) illustrates the deposition of SiO, mask with a thickness
of 200 nm onto the SLS structure using radio frequency (RF)
sputtering. A negative electron beam (EB) resist was used to
create a stripe channel pattern using EB lithography. Subse-
quently, the stripe pattern was transferred to SiO, masks using
capacitively coupled plasma reactive ion etching (CCP-RIE) with
a CF4/H, gas combination. Inductively coupled plasma RIE
(ICP-RIE) using BCl; and Cl, was performed with an antenna
power of 50 W and a bias power of 400 W to fabricate the
channel waveguides, as shown in Fig. 5(d). Finally, the end
facets of the channel waveguides were formed by dicing and
polishing with diamond slurry, as shown in Fig. 5(e). Fig. 5(f)
shows a cross-sectional scanning electron microscopic (SEM)
image of the TQPM channel waveguide after polishing. The
channel waveguide resembled a trapezoid, with sidewalls that
were not perpendicular, resulting in a minor impact on the
phase matching wavelength and x.>' The trapezoidal ridge

Channel
waveguide +c-AIN

AlGaN/AIN SLS
+c-AIN

AIN/SLS/AIN

Sapphire

Fig. 5 Fabrication process of TQPM AIN/AlGaN SLS channel waveguide structure. (a) Sputtering and face-to-face annealing of AIN. (b) MOVPE of AIN/
AlGaN SLS structure. (c) Formation of SiO, mask. (d) Formation of a channel waveguide by ICP-RIE. (e) Deposition of SiO, cladding layer, dicing, and

end-face polishing. (f) Cross-sectional scanning electron microscopic (SEM)

Mater. Adv.

image of the fabricated waveguide.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 HAADF-STEM image of the fabricated waveguide device.

waveguide is expected to alter the computed x owing to variations
in the modal confinement and overlap; however, the qualitative
TQPM mechanism, primarily determined by the TM,, vertical
field configuration and SLS-localized nonlinearity, remains unal-
tered. The length of the fabricated waveguide was 3 mm.

In addition, the high-angle annular dark-field (HAADF)
scanning transmission electron microscopy (STEM) image pro-
vides a cross-sectional view of the AIN/AlGaN SLS structure.
Consequently, the AlGaN layers were clearly visible as bright
stripes sandwiched between the two AIN layers, confirming the
successful growth of the entire structure. The abruptness of the
interfaces between the layers is evident, indicating a high
structural quality (Fig. 6).

Results and discussion

Optical experiments were conducted using a tunable frequency-
doubled femtosecond Ti: sapphire laser as the pump source.
The polarization and the intensity of the fundamental wave
were controlled by using a half-wave plate and a Glan-
Thompson prism. The fundamental laser light was concen-
trated on the channel waveguide using a 100x objective lens to
be coupled to the TM polarized mode. The incident angle of the
pump light and device angle were adjusted accordingly to
achieve the maximum intensity of the fundamental output
light which was coupled into a UV optical fiber connected to
the charged-coupled device (CCD) spectrometer by a Cassegrain
objective lens and an off-axis parabolic mirror. A bandpass
filter exhibiting transmittances of 40% at 230 nm and 0.02% at
460 nm was incorporated between the Cassegrain objective lens
and the off-axis parabolic reflector. The wavelength of the
pump light was set to 460 nm, and we measured the average
powers of 1.63, 3.32, 4.54 and 6.03 mW after the 100X objective
lens and before the chip. With the spot diameter of approxi-
mately 1 pm and pulse width of 100 fs along with the repetition
frequency of 80 MHz, the on-chip intensity would be approxi-
mately in between 12 to 45 GW cm > by assuming that all
power is coupled into the guided mode.

Fig. 7 shows the spectra of the fundamental and SH light. At
a fundamental wavelength of 460 nm, a far-UV SH light emis-
sion with a central wavelength of 230 nm has been observed.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Wavelength spectra of the pump (blue color) and SH (purple color)
waves.

The full widths at half maximum (FWHMs) for the fundamental
and SH spectra were 3.53 and 3.58 nm, respectively. The reason
for the wide spectral bandwidth of SH light is the limited
effective interaction length due to the group velocity walk-off
between the pulses of fundamental and SH waves for ultrashort
pulse excitation.”> The normalized conversion efficiency ngy was
not estimated experimentally here but it is roughly estimated to be
107'% W, 5.07% W ' and 22.17% W ' for assuming a ds;
values of 7 pmv ", 139 pmV ' and 308.9 pmV ' respectively.
These values have been estimated by neglecting propagation and
coupling losses. As reported previously in case of blue SHGs from
GaN TQPM channel waveguides with ultrashort pulse excitation
that due to the short effective interaction of about 20 pm, caused
by the severe walk-off, the estimated group velocity mismatch
(GVM) is about 10 ps mm ™.

The input power dependence shows that the SH light was
directly proportional to the square of the pump light power as
shown by a solid line in Fig. 8. Therefore, the far-UV SHG light
in a vertical non-inverted AIN/SLS/AIN structure has been
confirmed.

Last but not the least, we presented a comprehensive
approach to designing and realizing a TQPM-based channel
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Fig. 8 Dependence of SH intensity on input power.
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waveguide structure aimed at efficient nonlinear optical con-
version. The coupling coefficient k was extracted by leveraging
the piezoelectric field distributions simulated using SiLENSe
software, supporting the theoretical basis for polarity-inversion-
free TQPM. The functionality of the fabricated device has been
validated, and we conducted an optical SHG experiment,
demonstrating, for the first time, SHG in a SLS structure.
This integrated workflow—from simulation to fabrication
and optical validation—highlights a scalable path toward high-
efficiency SHG devices based on fully-epitaxial-engineered
AIN/AIGaN heterostructures.

Conclusion

In conclusion, we introduced a novel method for modulating
the dz; and third-order nonlinear optical effects by strong
piezoelectric polarization in the AIN/AlGaN SLS instead of the
polarity inversion. As a result, a QPM channel waveguide has
been designed and fabricated by utilizing a polarity-inversion-
free structure, and 230 nm far-UV SHG has been confirmed
under ultrashort pulse laser excitation. These results demon-
strate that the structure is a good candidate for high-efficiency,
compact, and cost-effective far-UV light sources. To have a
comprehensive understanding, further optical characterization
is required, specifically wavelength tolerance and SHG
efficiency.
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