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ABSTRACT
As an alternative to electrically injected diodes, UV light emission can be obtained via second harmonic generation (SHG). In
weakly birefringent materials such as aluminum nitride (AlN), the phase matching of the driving and second harmonic waves can
be achieved by the quasi-phase-matching (QPM) technique, where the polarity of the material is periodically changed
commensurate with the coherence wavelength. QPM also allows the use of the highest nonlinear susceptibility, and therefore,
higher conversion efficiencies are possible. In this work, the QPM SHG of UV light in AlN lateral polar structure-based waveguides is demonstrated. The peak intensity of the frequency doubled laser light was measured at 344 nm and 472 nm wavelengths,
in agreement with dispersion-based theoretical predictions. These results confirm the potential of III-nitride-based lateral polar
structures for quasi-phase-matched nonlinear optics and for frequency doubling media for UV light generation.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5087058

Compact UV laser sources are envisioned for applications in
disinfection, sensing, quantum cryptography, and communications.1–3 Current UV laser sources are either gas-based (e.g., ArF,
KrF, and Ar-ion), or they exploit higher harmonics generated
from infrared lasers (Nd:YAG and Ti:sapphire). For the latter, an
efficient crystal for second (or higher) harmonic generation is
needed. AlN is an excellent candidate for the generation of UV
light via second harmonic generation (SHG) due to its large second order nonlinear susceptibility coefficient along the c-axis,
with values between 4 and 7 pm/V in the spectral region interesting for UV generation,4 which is superior to that of currently
employed nonlinear crystals, such as b-BaB2O4 (1.84 pm/V).5 In
addition, AlN has a high thermal conductivity (370 W/mK)6,7
and a wide transparency window (205 nm–15 lm),8 resulting in a
high power damage threshold and wide spectral tunability. Since
birefringent phase matching is not accessible in AlN, the SHG of
laser light utilizing quasi-phase-matching (QPM) seems to be the
most promising alternative. QPM can be achieved by periodically
changing the sign of the susceptibility coefficient in the host
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material and can be very efficient since it allows access to the
largest nonlinear susceptibility coefficient of the material.9–11
A prominent example is periodically poled lithium niobate
(PPLN).11,12 In III-nitrides such as GaN or AlN, QPM can be
achieved by periodically inverting the direction of the c-axis or
the polarity of the material.13–17 Depending on the targeted
wavelength, this change in polarity must be achieved on the
micrometer or even on the nanometer length scale. This precise
control of polarity and surface roughness is challenging and so
far has limited the development of AlN based QPM structures.18
In this article, we report on the demonstration of the QPM
SHG of UV light at 344 nm, using a 0.5 lm thick AlN lateral polar
structure-based waveguide with a periodicity of 10 lm. The control of the surface and interfaces of the Al- and N-polar domains
is the biggest challenge to reduce scattering and increase the
conversion efficiency. The observed SHG wavelength is found to
be in excellent agreement with theoretical predictions based on
the QPM approach and expected waveguide propagation modes.
These results highlight the potential of III-nitride-based
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waveguide structures for QPM applications in the UV wavelength region.
AlN layers were grown on sapphire using metalorganic
chemical vapor phase deposition (MOCVD). The control of the
polarity on the micrometer length scale and the growth of lateral polar structures (LPS) was achieved using patterned AlN
buffer layers. Details on the AlN LPS growth and fabrication are
discussed elsewhere.18,19 The main challenge in the growth of
LPS is to minimize surface scattering to control optical loss.
Surface scattering arises primarily due to two reasons: different
growth rates and resulting heights between the N- and Al-polar
domains and a relatively rough N-polar AlN surface.18,20,21
Therefore, a thorough control of the surface morphology of
both polar domains is crucial to achieve low loss LPS waveguides. Here, a supersaturation scheme was followed, which led
to a high temperature growth of the AlN LPS to enable the
growth of smooth N-polar domains and to equalize the growth
rate of both types of domains.18,22 No additional effort was made
to achieve smooth AlN LPS. The 10 lm periodic AlN LPS used
for the fabrication of waveguides was grown at 1500  C and
had typically an RMS roughness of 10 nm as measured over
90  90 lm2. This value is dominated by the N-polar region since
the RMS value of the Al-polar domain is around 1 nm.
Subsequently, a photoresist, in combination with reactive ion
etching, was used to fabricate various waveguides with a width
in the range of 4–10 lm and periodically inverted domains.
Figure 1 shows a representative section of a fabricated 500 nm
thick and 4 lm wide stripe waveguide.
Second harmonic generation measurements were conducted in an end fire-coupling geometry (Fig. 2) using a
Ti:sapphire femtosecond pulsed laser system with a tunable
wavelength range between 600 nm and 1000 nm. Laser pulses
had a pulse duration of 40 fs, a spectral width of 30 nm (FWHM),
and the pulse energy ranging from 1 to 100 lJ, depending on the
selected wavelength. The fundamental laser was coupled to the
waveguide facet using a lens with a focal length of 10 mm. The
polarization of the laser was set to allow the propagation of
transverse magnetic (TM) modes through the waveguide. At the
opposing waveguide facet, the generated second harmonic (SH)
signal was out-coupled and separated from the remaining fundamental signal. The SH signal was guided to a spectrometer

FIG. 1. 3D AFM topograph of two neighboring periodically poled AlN waveguides.
The periodicity of the LPS was 10 lm. Note the different vertical and lateral length
scales: the waveguides are 500 nm high and 4 lm wide. White dotted lines indicate
the domain boundaries.
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FIG. 2. Schematic of the experimental setup used for second harmonic generation
in AlN-based lateral polar structures.

FIG. 3. Top view of the scattering intensity of the laser light propagating through an
AlN LPS-based waveguide with a domain periodicity of 10 lm. Scattering in the Npolar domains is signiﬁcantly higher (bright regions) than in the Ga-polar domains
(dark regions).

and detected using a photon counting camera operated in a
gated mode synchronized with the femtosecond laser
system.
The waveguides were tested for light transmission using
the setup depicted in Fig. 2 and a HeNe laser as an excitation
source with an excitation power of around 95 lW. Figure 3
shows the top view of a waveguide depicting the scattering light

FIG. 4. Calculated dispersion relation for the 0th TM0 waveguide mode for the fundamental wave (red) and second harmonic waves (purple) for several orders
(N ¼ 1, 3, 5, and 7) of quasi-phase-matching conditions.
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FIG. 5. Measured spectral intensity of the
second harmonic generated UV laser light
via a quasi-phase-matching in AlN lateral
polar structure waveguides with a periodicity of 10 lm at 344 nm (left) and 472 nm
(right).

intensity of the laser light traveling through a 400 lm long AlN
LPS-based waveguide with a domain periodicity of 10 lm. Strong
scattering is observed at the in-coupling facet; appreciable scattering was also observed at the out-coupling facet. In addition,
scattering is also observed from the waveguide region itself. A
closer look at the scattering intensity profile along the waveguide reveals a periodic pattern. The periodicity of the scattering intensity is found to match the AlN LPS periodicity of 10 lm.
While light was guided through the whole waveguide, this scattering is still a loss mechanism which reduces the efficiency of
QPM second harmonic generation. Based on the surface roughness measured in Fig. 1, the average scattering loss at the waveguide surface was calculated to be 10 cm1.18 This once again
highlights the importance of achieving a smooth waveguide surface to minimize scattering losses.
Quasi-phase-matching in AlN based LPS is achieved by
changing the sign of the susceptibility coefficient d33, after odd
multiples of the coherence length lcoh according to
!
k0
;
(1)
K ¼ 2N  lcoh ¼ 2N 
4ðn2x;eff  nx;eff Þ
where K is the periodicity of the LPS structure, k0 is the pump
wavelength, N is the phase matching order, and ni are the effective refractive indices at the pump and the second harmonic
wavelength.9,10 Equation (1) can be conveniently expressed as
nx;eff ¼ n2x;eff  N

k0
2K

(2)

to allow graphical representation of solutions. Figure 4 shows
the dispersion relations for the effective refractive indices of the
fundamental (red) and second harmonic waves (purple) as calculated for the waveguide dimensions extracted from the AFM
image in Fig. 1. The right side of Eq. (2) is plotted for the odd values of N to illustrate the conditions for which QPM is expected.
The intersection between the red and purple lines corresponds
to the predicted wavelength for SHG. Based on Fig. 4, it is found
that for 540 nm thick AlN LPS-based waveguides with a domain
periodicity of 10 lm, one should expect for the TM0 modes 3rd
and 5th order QPM SHG at 340 nm and 473 nm for pump wavelengths of 679 nm and 946 nm, respectively.
Phase matching for AlN LPS with a periodicity of 10 lm and
a length of 400 lm was investigated. Therefore, pump light
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(Ti:sapphire) was coupled to the waveguides, and the outcoupled light was monitored. The SH response was monitored,
and the position of the sample and in- and out-coupling lenses
were adjusted until the maximum intensity of the SH light was
achieved. The corresponding tuning curves were recorded and
analyzed. Figure 5 displays the spectra of the pump laser at
690 nm and 940 nm (Ti:sapphire laser) and the corresponding
second harmonic responses at 344 nm and 472 nm, respectively.
These spectra correspond to the highest SH intensity in the tuning curves. The observed SHG wavelengths are in excellent
agreement with the theoretical calculations shown in Fig. 4.
Theory predicts the 3rd and 5th order QPM SHG at 340 nm and
473 nm, respectively, where the TM0 modes of the fundamental
and second harmonic waves are phase-matched. The minor difference between the theoretical and experimental values can be
explained by variations in the waveguide thickness due to the
surface roughness or small errors in the refractive index.23
While the efficiency of the SHG via quasi-phase-matching can
be high, here, as evidenced in Fig. 3, scattering losses and coupling losses are not negligible and the conversion efficiency is
expected to be <1%. This is explained by the remaining surface
roughness of the LPS.24 Although all these challenges need to be
addressed in future research, there seem to be no fundamental
obstacles to high efficiency QPM second harmonic generation
in AlN-based LPS.
In summary, the feasibility of quasi-phase-matched UV second harmonic generation in AlN LPS-based waveguides for
QPM was demonstrated. Second harmonic light generation at
344 nm and 472 nm was observed using a tunable Ti:sapphire as
a pump source at 690 nm and 940 nm, respectively. The
observed SH wavelengths were in excellent agreement with theoretical predictions. While the observed efficiency was low, further improvements related to the surface roughness and light
coupling are expected to have a significant impact on the conversion efficiency.
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