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Abstract: III-nitrides provide a versatile platform for nonlinear photonics. In this work, we
explore a new promising configuration – composite waveguides containing GaN and AlN
layers with inverted polarity, i.e., having opposite signs of the χ(2) nonlinear coefficient. This
configuration allows us to address the limiting problem of the mode overlap for nonlinear
interactions. Our modelling predicts a significant improvement in the conversion efficiency. We
confirm our theoretical prediction with the experimental demonstration of second harmonic
generation with an efficiency of 4%W−1cm−2 using a simple ridge waveguide. This efficiency
is an order of magnitude higher compared to the previously reported results for III-nitride
waveguides. Further improvement, reaching a theoretical efficiency of 30%W−1cm−2, can be
achieved by reducing propagation losses.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

III-nitride semiconductors provide a promising platform for nonlinear photonics both for classical
[1] and quantum applications [2]. Their non-centrosymmetric crystal structure can give rise to a
second order nonlinearity. At the same time, their wide band gap offers a broad transparency
window that spans from the ultra-violet to the mid-infrared range. This feature minimizes the issue
of two-photon absorption in the telecom wavelength range, which is a main limiting factor for the
conversion efficiencies at the high powers required for the nonlinear interactions [3]. Recently,
there has been significant progress in the reduction of the propagation losses of the III-nitride
waveguides. Ring resonators with quality factors reaching up to 2 million, and waveguides with
less than 0.6 dB/cm propagation losses, have been reported. These achievements have enabled
the demonstration of different nonlinear processes, such as second harmonic generation [4–7],
optical parametric oscillation [8] and frequency combs generation [9,10].

Modal phase matching has been the primary approach used so far for the nonlinear interactions
in III-nitride waveguides. In the case of second order processes, it requires an interaction between
the fundamental modes in the infrared and the higher order modes in the visible. The conversion
efficiency is directly proportional to the overlap of the interacting modes. This overlap integral
can be as well included in an effective cross-section for the nonlinear process. In the case of a
good overlap between two fundamental modes, this effective cross-section is close to the value
of the geometric cross-section of the waveguide, namely the width multiplied by the height.
However, for cases commonly used in nonlinear interactions, we deal with the overlap between
the fundamental and the higher order modes which are orthogonal to each other at a given
wavelength. Given that the modes are taken at different wavelengths, the overlap integral is not
zero. However, it often remains very small, resulting in a large effective cross-section of the
waveguides. As a consequence, the internal power densities are low, which is detrimental to
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the efficiency of the nonlinear interactions. Therefore, maximizing the overlap integral of the
interacting modes is of tremendous importance for achieving efficient nonlinear interactions.

Several approaches are known to address the issue of the harmonic conversion efficiency. The
most common solution is based on the periodic modulation of the χ(2) nonlinear coefficient along
the direction of propagation in the waveguide, enabling a phase-matched interaction between
fundamental modes. Such periodic modulation can be realized in ferroelectric materials such
as LiNbO3 [11,12], LiTaO3 [13,14], and KTiOPO4 [15,16] by inverting the crystal domains
and, therefore, changing the sign of the χ(2) coefficient through the application of a periodic
electric field. However, achieving periodic domain inversion in III-nitrides remains a significant
challenge. Several studies have been conducted using the approach of selective patterning and
regrowth of GaN [17,18] and AlN [19,20]. The main challenge in this case is associated with the
high propagation losses due to the macroscopically rough surface resulting from different growth
rates domains with opposite polarity.

Another technique that allows an efficient nonlinear interaction between fundamental modes is
based on the multi-layers waveguides which includes materials with a significant difference in the
refractive indices. In this case, important dispersion differences can be obtained for the TM00
and TE00 modes due to the field discontinuities, enabling phase matching between fundamental
modes of opposite polarization. A successful realization of such an approach was demonstrated
in GaAs/AlOx waveguides [21–23]. However, this approach is not feasible for the III-nitride
waveguides, as the refractive index contrast between GaN and AlN is not high enough in order to
achieve the required dispersion difference for phase matching. Additionally, it should be noted
that coupling between TM and TE modes is facilitated by the non-diagonal components χ(2)zxx
and χ(2)zxz of the nonlinear tensor. For many materials, including III-nitrides, these components
are smaller than the diagonal component like χ(2)zzz. As a result, these interactions lead to lower
conversion efficiencies.

There is also an approach based on the planar polarity inversion, which allows an interaction
between the fundamental and higher order modes while preserving high values of the overlap
integral. The overlap integral depends not only on the mode profiles but also on the nonlinear χ(2)
coefficient, as shown in Eq. (1). Therefore, one can significantly improve the value of the overlap
by choosing a proper profile of the nonlinear coefficient distribution. The simplest solution
that has been produced so far is based on the interaction between the TM00 pump and the
TM10 harmonic with the inversion of the χ(2) sign occuring right at the zero of the TM10 mode.
This inversion can be achieved either directly during the growth [24] or through wafer bonding
[25]. In III-nitrides, the TM modes are coupled through the largest component of the nonlinear
tensor χ(2)zzz. Therefore, in theory, this interaction may provide the highest possible conversion
efficiency. So far, the realization of these approaches has been hindered by high propagation
losses. The polarity inversion during the growth is associated with the high level of Mg doping
required for the inversion and rough N-polar surface, both of which have a detrimental impact on
the propagation losses. The wafer bonding approach faces similar problems due to the necessity
of introducing a bonding layer in the middle of the waveguide and the challenges associated with
the subsequent substrate removal.

In the case of the III-nitride waveguides, it turns out that a much better variation of the planar
polarity inversion is possible. It is based on a peculiar fact that GaN and AlN, naturally grown in
the same metal orientation, actually have opposite crystal field orientations and therefore opposite
signs of their χ(2) nonlinear coefficient [26]. In this work, we investigate this novel approach,
which is based on composite waveguides containing GaN and AlN layers with intrinsically
inverted polarity. Our modelling demonstrates that it is possible to optimize the geometry of
these waveguides such that the TM10 second harmonic mode has its lobes separated into layers
with opposite signs of the χ(2) coefficient and at the same time it is phase matched to the TM00
pump mode. Such combination significantly improves the inter-modal overlap and can lead
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to high conversion efficiencies, which can reach 30%W−1cm−2 for a simple ridge waveguide.
We validate our modelling results through the first experimental demonstration of an optimized
composite GaN/AlN waveguide with an intrinsic polarity inversion. These structures allow us
to achieve an experimental conversion efficiency of 4%W−1cm−2, a value significantly higher
than what has been previously reported for simple III-nitride waveguides. The discrepancy
between theory and experiment can be explained by the 3.4 dB/cm propagation losses, which
were measured for the investigated waveguides.

2. Modelling

In this section, we demonstrate the advantage of the intrinsic planar polarity inversion with the
help of a basic χ(2) nonlinear process: second harmonic generation (SHG). Efficient SHG requires
phase matching, which implies that the effective refractive index of the pump must be equal to
the one of the second harmonic. To satisfy this condition, the fundamental TM mode must be
used for the pump and one of the higher order modes must be used for the second harmonic due
to the modal dispersion. However, this choice comes at a cost of a poor modal overlap, as defined
by Eq. (1), since the harmonic efficiency is proportional to this overlap factor.

overlap =
[︃∫∫

χ
(2)
zzz (x, z)

(︂
EP

z (x, z)
)︂2

ESH
z (x, z) dxdz

]︃2
(1)

For the purpose of demonstration, we have selected a specific configuration involving the
TM00 pump mode and the TM10 second harmonic mode. These modes are chosen due to
their coupling with the largest nonlinear coefficients for the III-nitrides, represented as χ(2)zzz
(equivalent to χ(2)33). The field profiles of these modes are depicted in Fig. 1(a). Once the modes
are determined, the only remaining parameter affecting the overlap integral is the distribution
profile of the nonlinear coefficient χ(2). Interestingly, in the composite waveguides we utilize (as
shown in Fig. 1 (a) and (b)), the GaN and AlN layers exhibit opposite signs of χ(2). Consequently,
by appropriately selecting the thickness of the III-nitride layers, we can identify a solution for
which the lobes of the TM10 mode are separated between layers having opposite χ(2) signs. This
particular approach significantly enhances the value of the overlap integral.

Fig. 1. (a) Distribution of the modes that can be coupled by the χ(2)zzz coefficient in the
second harmonic generation process. The TM00 has one lobe and fills the whole III-nitride
waveguide. The TM10 mode has two lobes, one lobe is mainly confined in the GaN layer
and the other one in the AlN layer. This configuration allows to reach high values of the
overlap integral given by Eq. (1). (b) Facet of the fabricated waveguide showing the two-layer
waveguide. GaN and AlN layers have an opposite sign for the nonlinear coefficient χ(2)zzz.

Indeed, in Fig. 2(a) we show the evolution of the predicted SHG efficiency as a function of the
AlN thickness in the composite GaN/AlN ridge waveguide with a total III-nitride thickness of
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700 nm and a width around 1.5 µm which is slightly adjusted for each given composition in order
to satisfy the phase matching conditions. In this calculation, the pump wavelength is set at 1600
nm. We see that the conversion efficiency for pure AlN or GaN waveguides which are most often
used is only a fraction of a per cent per Watt per square centimeter. At the same time by choosing
the right proportion between GaN and AlN, we can multiply this efficiency by a factor of 100
with the maximum predicted value about 30%W−1cm−2.

Fig. 2. (a) SHG efficiency as a function of the AlN thickness in composite GaN/AlN
waveguides. The total thickness remains constant (700 nm). The width of the waveguide
is adjusted for each composition in order to achieve phase matching. There is a clear
optimal solution which corresponds to the situation where two lobes of the TM10 modes are
separated in GaN and AlN layers. (b) Dispersion curves showing the effective refractive
indices of different modes as a function of the wavelength. The dispersion intersection
between the TM00 pump and the TM10 harmonic shows a possibility to reach the phase
matching conditions in the telecom range for the 700 nm thick and 1.5 µm wide waveguide.
The inset in the figure clearly depicts the crossing between the TM00 and TM10 modes.

In the modelling, we did consider the following values for the nonlinear coefficients
χ(2)zzz(GaN)= - 10pm/V, χ(2)zzz(AlN)= + 4pm/V, as obtained from rotational Maker fringes
[26]. The values for the refractive indices were obtained from the references [27] for GaN and
[28] for AlN. We note that there is a large dispersion in the absolute values of the second order
nonlinear coefficients of GaN and AlN in the literature see e.g. [29]. For AlN, a value of 6 pm/V
was deduced from the experimental conversion efficiency in [4] and 8 pm/V in [30]. For GaN,
absolute values varying between 16 pm/V [31], 23 pm/V [32] and 10 pm/V [33] were as well
reported among others. These values depend on the investigated wavelength (we expect a small
wavelength dependence between 1.064 µm and near-infrared), on the type of measurement and
on the growth techniques used for the III-nitrides. The sign of the nonlinear coefficients varies as
well in the literature and opposite values can be found for the same material. One explanation for
this discrepancy is that the sign of the nonlinearity is dependent on the coordinate system used to
consider the nonlinear polarization, either the coordinate frame of the crystal or the laboratory
reference frame [34]. We note that the enhancement mechanism considered in this work is not
dependent on the sign of the nonlinear susceptibility but only relies on the opposite sign between
AlN and GaN.

What is even more important is the possibility to reach high overlap values and at the same time
preserve modal phase matching. Figure 2(b) shows the dispersion curves for the fundamental
TM00 pump mode in black and for the higher order harmonic modes TM10 (red), TM03 (blue),
TM11 (green). The intersection between the dispersion curves indicates that the phase matching
condition can be achieved. According to our optimization in the telecom spectral range, the
maximum overlap and phase matching can be reached in 1.5 µm waveguide width with a 330 nm
thick GaN layer on top of a 370 nm thick AlN layer.
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There is thus a considerable advantage of the composite GaN/AlN waveguides for a particular
enhanced interaction between TM00 pump and TM10 harmonic. It is important to note that
there are no other modes configurations between 1400 and 1700 nm that could give comparable
efficiencies without polarity inversion.

3. Fabrication

Based on the modelling results, the real structure was fabricated in the following manner. First,
a 410 nm thick AlN layer was grown on a sapphire substrate by metalorganic vapor phase
epitaxy (MOVPE) at 1150 °C. Then, an additional 290 nm thick GaN layer was grown by
molecular beam epitaxy (MBE) at 780°C (Fig. 3(a)). MBE was preferred to MOVPE for the
growth of the GaN layer because the GaN surface was smoother. In general, epitaxial growth of
III-nitrides is possible on sapphire, Si or SiC substrates. The sapphire was a natural choice for this
demonstration because it is transparent in the visible and infrared spectra, and because III-nitrides
have a larger refractive index than sapphire, allowing them to naturally form an optically guiding
layer. The same process on a SiO2 substrate is also feasible, but it would require transferring
the III-nitride layers from a Si substrate to a SiO2 substrate. This transfer is achievable, as
demonstrated previously in [5] and [31]. However, initially, it would be challenging to grow
these specific layers of 410 nm AlN and 290 nm GaN on Si without cracks induced by the strain
and the impact of the significant mismatch in thermal expansion coefficients between Si and
III-nitrides. To summarize our choice of a sapphire substrate, we can say that it provides a greater
flexibility for layer engineering.

2μm

Sapphire substrate

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

GaN MBE

GaN MBE

AlN MOVPE
Sapphire substrate

GaN   290nm
AlN    410nm

HSQ
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Fig. 3. (a) Initial growth of the AlN layer by MOVPE followed by the growth of the GaN layer
by MBE. (b)-(c) HSQ mask preparation by resist spin-coating, electron beam lithography
and development. (d)-(e) III-nitride etching by chlorine-based ICP. (f) Encapsulation of
the final structure with SiO2 deposited by PECVD. (g) 5× 5 µm2 atomic force microscopy
image of the GaN surface. (h) Scanning electron microscopy (SEM) fragment image of a
waveguide coupled to a ring resonator. (i) SEM image of an injection facet.
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For a 5× 5 µm2 atomic force microscopy (AFM) scan size, the root mean square roughness is
below 1 nm for the GaN grown by MBE (Fig. 3(g)) and 10 nm by MOVPE. The GaN grown
under our standard GaN MOVPE growth conditions on the 410 nm AlN layers follows an initial
three-dimensional growth mode and then a progressive smoothing of the surface. A GaN thickness
larger than 500 nm is required to get a fully coalesced GaN layer with these growth conditions.
It is probably possible to grow the whole structure by using only the MOVPE reactor after an
additional optimization of the GaN growth conditions. The 410 and 290 nm thicknesses for AlN
and GaN respectively are close to the values inferred from Fig. 2(a) for a maximum conversion
efficiency. We define the etching mask using a negative HSQ e-beam resist and a 80 kV e-beam
lithography (Fig. 3(b,c)). The III-nitride layers were etched by chlorine-based inductively-coupled
plasma (ICP) and the residues of the HSQ mask were removed by hydrofluoric acid (Fig. 3(d,e)).
The etched sidewalls of the waveguides are smooth as it is shown in Fig. 3(h). They are slightly
inclined with a 15-degree angle as it is shown in Fig. 3(i). The final structure was encapsulated
in a 2 µm thick SiO2 layer deposited by plasma-enhanced chemical vapor deposition (PECVD)
technique (Fig. 3(f) and 3(i) for the real structure).

The fabricated photonic structures include two types of structures. The first type of structure
consists of 120 µm diameter ring resonators coupled to 1.5 mm long waveguides which we use
for standard transmission experiment in order to estimate the propagation losses. The width
of the ring resonators is 1.5 µm. The width of the bus waveguides is 1.3 µm except for the
coupling region where it is narrowed down to 0.9 µm. The second type of structure consists of
4.5 mm long waveguides which were designed for the second harmonic experiments. Their width
is 1.6 µm. In our opinion, it is convenient to use a basic simple waveguide structure in order
to demonstrate the impact of the polarity inversion on the efficiency of the second harmonic
generation. Otherwise, it would be difficult to separate the impact of the polarity inversion
from other effects like resonance matching in more complicated structures like ring resonators.
We chose an end-fire coupling configuration for the light injection into the fabricated photonic
structures since the index contrast between III-nitrides and sapphire is not large enough for the
realization of an efficient grating coupling. This step is far from trivial in the case of a hard
substrate like sapphire. In order to liberate the injection facets, we developed a reproduceable
precut and cleaving technique. An example of a cleaved facet is shown in Fig. 3(i).

4. Estimation of the propagation losses

In order to estimate the propagation losses, we use the 120 µm diameter ring resonators coupled
to 1.5 mm long waveguides. For light injection, we have used an end-fire coupling without any
tapers. Indeed, we employed a cleaving step to release the facets of the waveguides. Sapphire is
a challenging substrate to cleave with precision. Consequently, the utilization of tapers was not
viable in our situation. We conduct a basic transmission experiment by using a finely tunable
laser source in the telecom range. We used a straight-across configuration for the transmission
experiment. We both inject and decouple light from the waveguide using Corning fibers with
tapered tips at the end. These lensed-fibers have a working distance of 12 µm and a spot size
of 2 µm, as compared to the 1 µm2 cross-section of the waveguide. While tuning the laser and
measuring the transmitted signal, we can capture the transmission spectrum, an example of which
is shown in Fig. 4. (a)

This spectrum contains periodic oscillations which correspond to the Fabry-Perot resonances
defined by the 1.5 mm long waveguide and relatively narrow deeps in the transmission intensity
which correspond to the resonances of the 120 µm diameter ring shown in Fig. 4(b). The free
spectral range (FSR) of the ring resonances is 2.97 nm for the TM modes and 3.07 nm for the
TE modes. We can estimate the group index from the values for the free spectral range. This
yields the following values for the TM and the TE modes, respectively: ng(TM00)= 2.3 and
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Fig. 4. (a) Typical transmission spectra of a ring resonator for TM and TE modes. (b) Zoom
on narrow resonances corresponding to the TM and TE modes in the ring with Lorentzian fit
of the data given by the red curves. (c) Microscope image of a group of ring resonators with
varying coupling gaps. (d) Loaded quality factors of the ring resonators as a function of the
coupling gap between a ring and a waveguide.

ng(TE00)= 2.27. The width of the rings used for the quality factor measurements is 1.5 µm,
which is close to the waveguide width of 1.6 µm used in the second harmonic experiments.

An approximate estimation of the propagation losses can be obtained from the contrast of
Fabry-Perot oscillations of the transmitted signal according to the formulas as given by Eq. (2)
below [35]:

α (dB/cm) =
4.34

L (cm)

(︃
lnR − ln

(︃
1
K

(︂
1 −

√︁
1 − K2

)︂)︃)︃
, R =

(︁
neff − 1

)︁2(︁
neff + 1

)︁2 , K =
Imax − Imin

Imax + Imin

(2)
where α corresponds to the propagation losses in dB/cm, L is the length of the waveguide in
cm, R is the reflectivity on the facet of the guided mode with a neff effective refractive index
and K is the contrast of the transmitted spectrum defined by the Imax and Imin – maximum and
minimum – transmitted intensities. This estimation gives 3 dB/cm losses for the TM00 mode
with neff = 1.9407 and 2 dB/cm for the TE00 mode with neff = 1.9565 as calculated for 1.3 µm
wide and 1.5 mm long waveguides which we used for the light coupling to the ring resonators.
We used RTM= 0.102 and RTE= 0.105 values for the modes reflectivity, which assumes a perfect
quality of the facets. Possible variation in the real facet reflectivity introduces an uncertainty in
the deduced value of the propagation losses, which is difficult to evaluate, therefore the 3 dB/cm
approximate value should be considered only as an estimation.

More precise measurement of the propagation losses can be deduced from the width of
the ring resonances. The loaded quality factor of a ring resonator is given by the formula
1/Qload= 1/Qcoup+ 1/Qint, where Qcoup is the coupling quality factor which is determined by the
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coupling between the waveguide and the ring. This coupling depends on the gap distance between
the waveguide and the resonator. Qint is the intrinsic quality factor which is determined by the
propagation and absorption losses. We fabricated a series of ring resonators with coupling gaps
varying from 100 nm up to 550 nm as it is shown in Fig. 4(c) in order to control the coupling and
to follow the evolution of the loaded quality factor as a function of the gap distance. It should
be noted that the transmission spectra contain significant oscillating parts due to Fabry-Perot
resonances, which could have an impact on the accuracy of the quality factor measurement. In
order to estimate the error bar in the quality factor value, we performed the Lorentzian fit of
the resonances before and after extracting the oscillating part of the spectrum. We observed
differences up to 5% in the fitting procedure. If we enforce the strict adjustment of the minima of
the Lorentzian fit with the signal during the fitting, the results are more consistent. In contrast,
if we leave the amplitude minimum as a free parameter, the fitting results show much more
variations, up to an additional 10%. The error bars in Fig. 4(d) include both uncertainties. The is
a clear trend: as the coupling decreases, the loaded quality factors tend towards the value of 110
000 for the TE modes and 100 000 for the TM modes. In a highly undercoupled regime, these
values are close to the intrinsic quality factors, providing an estimation of the propagation losses
of about 3 dB/cm and 3.4 dB/cm for TE and TM modes respectively. The estimations of the
losses according to both approaches are very close. Although these losses are higher than the
best value of 0.17 dB/cm reported so far, it is still a good result because the waveguides presented
in this work are significantly thinner.

The literature on III-nitride waveguides and resonators clearly indicates a trend with thicker
and larger waveguides exhibiting in general lower propagation losses. This trend suggests that
the sidewall or surface roughness, as well as absorption, are among the primary sources of
propagation losses. In our specific case, we have not yet achieved the state-of-the-art quality
factors in the million range, despite employing fabrication techniques similar to those used by
other groups. Consequently, it might indicate that a significant fraction of the propagation losses
originates from material absorption, either in the encapsulating SiO2 layer or in the nucleation
layer at the interface between the III-nitride layers and the sapphire substrate.

5. Second harmonic generation

After the linear characterization of the fabricated photonic structures, we performed a second
harmonic generation experiment in the ridge waveguides. The investigated ridge waveguide has
a 1.6 µm width. Figure 5(a) shows an example of a SEM image of a ridge waveguide before the
SiO2 encapsulation revealing the smooth nature of the waveguide sidewalls after the etching. We
inject the telecom tunable pump as before using an end-fire coupling scheme with a lensed fiber.
The fiber allows to control the polarization of the light, so we chose to inject into a TM mode in
order to use the TM → TM conversion associated with the largest nonlinear coefficient χ(2)zzz.
We estimate the injection losses for the pump to be around 5 dB. In the present experiment, the
laser can be continuously tuned from 1560 nm to 1685 nm. We chose the width of the waveguide
so that the phase matching can be found in this spectral window. Indeed, while tuning the
wavelength of the laser at 13 dBm power, we observe some faint second harmonic signal with a
sensitive CMOS camera which corresponds to the harmonic conversion without phase matching.

As soon as we approach the phase matching wavelength which is around 1675 nm, the signal
increases rapidly and can be easily measured with a standard Si detector. We used a Newport
818-SL detector for measuring the second harmonic power around 840 nm. This detector
has a minimum measurable power of 20 pW and exhibits approximately 1 pW of dark noise.
The detector is not sensible to the wavelengths in the near-infrared spectrum, specifically at
the 1680 nm wavelength of the pump. In proximity to the phase matching wavelength, the
incident harmonic power measured by the detector is approximately 10 nW. This signal clearly
corresponds to the second harmonic one, rather than a parasitic signal from the pump, for two
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Fig. 5. (a) SEM image of the waveguide used for the SHG experiment. (b) Images of the
second harmonic generation in the 4.5 mm long waveguide. Since the waveguide is long,
only entrance (top) and exit (bottom) parts are shown. (c) Power of the second harmonic
as a function of the injected pump power. Linear fit of the log plot shows a quadratic
dependence corresponding to the second harmonic generation. (d) Normalized second
harmonic efficiency as the function of the pump wavelength.

distinct reasons. The first reason is attributed to the narrow resonant signature of the signal,
diminishing from 10 nW to few hundreds of pW within a 20 nm range from its peak. Upon
extending our observation beyond this resonance region, the signal declines further, dropping
below 20 pW and even beneath 1 pW around 1560 nm. This phenomenon occurs despite the
pump continuing to deliver a consistent power in the waveguide. The second reason stems from
the observation of the scattered harmonic light using a Si camera, as shown in Fig. 5(b). We
clearly observe that the intensity of the signal increases along the waveguide when we reach the
phase matching conditions. This would not be the case if it was merely light scattered from the
1680 nm pump.

At the signal maximum, we deduce a power of 50 nW of continuous second harmonic generated
inside the waveguide from the 2.4 mW of the guided pump power as shown in Fig. 5(c). This
corresponds to a 4%W−1cm−2 conversion efficiency which is a very good result for a simple
waveguide. Figure 5(d) shows the so-called phase matching curve which gives the efficiency
of the second harmonic generation as a function of the pump wavelength. At the 1675 nm
wavelength which corresponds to the maximum, we measure the second harmonic signal as a
function of the injected pump power. Figure 5(c) shows this dependence both in linear and log
plots and shows the quadratic dependence of the harmonic power as a function of the pump
power which further confirms that this is indeed a second harmonic generation process. At each
point presented in Fig. 5, both the second harmonic and the pump signals were averaged over 10
sec by using 10 000 samples of 1ms acquisitions. The points on the graphs represent the average
values. The deviations from the average remain small. They are barely noticeable in Fig. 5(d) as
error bars on the blue curve. The measurements under the same conditions would not yield any
signal on the 818-SL detector far from the phase matching conditions.
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The width of the acceptance curve is determined by the length of the waveguide and by the
relative dispersion of the interacting modes. In the ideal waveguide, the shape of the curve is
determined by the squared sinus cardinal function following Eq. (3):

η = η0sinc2 {∆βL/2} = η0sinc2 {︁(︁βsh − 2βp
)︁
L/2

}︁
= η0sinc2

{︃
2π
λ

(︁
nsh (λ/2) − np (λ)

)︁
L
}︃

(3)

where L is the length of the waveguide, λ is the wavelength of the pump, nsh, np are effective
refractive indices of the second harmonic and the pump respectively. η0 corresponds to the SHG
conversion efficiency when the phase matching conditions are perfectly satisfied. In the Eq. (3),
η0 is used as a fitting parameter for the experimental data presented in Fig. 5(d). Using this model
and the dispersion curves for the TM00 and TM10 interacting modes from the Fig. 2(b), we can
predict the theoretical acceptance curve which is shown by the red dashed line in Fig. 5(d).

In the previous section, we did estimate the propagation losses to be around 3.4 dB/cm in the
infrared. According to measurements reported in [36], we can expect the propagation losses in
the visible to be as high as 16 dB/cm. Using these values for the propagation losses, we can
estimate the expected efficiency drop from the perfect value of 30%W−1cm−2 (η) by the formula
given in Eq. (4):

ηloss = ηexp [− (αω + α2ω/2)L]
sinh2 [(αω − α2ω/2)L/2]

(αω − α2ω/2)L/22 (4)

where L is the length of the waveguide in cm and αω, α2ω are the propagation losses for the pump
and the second harmonic given in the cm−1 units. This estimation gives 9%W−1cm−2 theoretical
conversion in a waveguide with losses, which is close to the measured experimental value of
4%W−1cm−2. It appears that the minimization of the optical losses in the visible represents an
important milestone to further improve the experimental conversion efficiency.

6. Discussion

In this work, we report the first successful demonstration of III-nitride waveguides with an
intrinsic polarity inversion obtained directly from the epitaxial growth. The performance of
previously reported structures either with the planar polarity inversion [37] or with the periodic
polarity inversion [38] was significantly reduced by the high propagation losses associated with
the complexity of the fabrication process. Consequently, the conversion efficiencies remained
low both for planar (5.2× 10−3%W−1cm−2) and periodic structures (1.5× 10−4%W−1cm−2). The
present fabrication approach is simple since it does not require bonding of layers with an opposite
polarity or the periodic pattering and regrowth. As a result, we observe moderate propagation
losses along with a conversion efficiency which is already higher than the values that was
obtained in the simple GaN waveguides (0.15%W−1cm−2) [39], Si3N4-on-insulator waveguides
(0.05%W−1cm−2) [40] and GaP-on-insulator waveguides (0.4%W−1cm−2) [41]. This value is still
behind the values reported for waveguides with a high confinement and high nonlinear coefficients
such as oxidized AlGaAs waveguides (1120%W−1cm−2) [42], thin film lithium niobate (TFLN)
waveguides (41%W−1cm−2) [43], GaAs on insulator (GaAsOI) (47000%W−1cm−2) [44] and low
loss structures with the periodic polarity inversion such as orientation-patterned OP-AlGaAs
(46%W−1cm−2) [45], OP-GaP (200%W−1cm−2) [46], buried periodically poled lithium niobate
(PPLN) (150%W−1cm−2) [47] or PPLN-on-insulator (3757%W−1cm−2) [48]. It is not surprising
that those materials provide much better conversion efficiencies since they have much larger
second order nonlinear coefficients with typical values reported in the literature: d33(LN)= 27
pm/V, d14(GaP)= 50 pm/V, d14(GaAs)= 110 pm/V in comparison to d33(GaN)= 5 pm/V. Periodic
polarity inversion with low propagation losses clearly demonstrates the interest of the nonlinear
interactions between the fundamental modes. There is still an interest though in studying
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III-nitrides in spite of their relatively low nonlinear coefficient because their wide band gap
provides a significantly larger transparency window spanning from the UV to the mid-IR and
allows to avoid the problems of the two-photon absorption and photo-refraction which are
associated with the materials mentioned above.

The results reported above are obtained in a simple ridge waveguide and there is still another
round of improvement to make by applying the same principles in the III-nitride resonators.
Indeed, the initial conversion efficiency of a fraction of a percent for III-nitride waveguides
was progressively transformed into rather impressive values of 2500%W−1 [49] and finally
17000%W−1 [4] by developing high quality ring resonators reaching Q= 1 Million and optimizing
the phase matching by geometry and temperature tuning. The same approach allowed to go even
further in InGaP ring resonators up to 71000%W−1 [50] and PPLN with 5%µW−1 with Q= 2
Million ring resonators [51].

The polarity inversion in our structures is obtained naturally by a standard growth technique so
there is no reason why we could not reach the reported quality factors along with an additional
optimization of growth and fabrication. This would open new interesting opportunities for
nonlinear interactions with even higher efficiencies in III-nitrides with polarity inversion. It
should be noted that this property of the III-nitrides is rather unique as it allows a relatively
easy improvement of the conversion efficiency by two orders of magnitude in comparison to the
simple GaN or AlN waveguides. Our approach could naturally be used not only for classical
but also for quantum sources. By proper adjustment of the GaN/AlN configuration, it could
provide an efficient photon pair source based on the spontaneous down-conversion in the whole
transparency window of III-nitrides and the advantage to reach the telecom wavelength with a
pump in the visible.

7. Conclusions

We investigated a novel approach for nonlinear interactions based on composite GaN/AlN
waveguides. Although both of the III-nitride layers are grown in the same metal orientation, it
turns out that they exhibit opposite signs of the χ(2) nonlinear coefficient. This peculiar and unique
property offers an opportunity to address the issue of modal overlap and enhance the conversion
efficiency by two orders of magnitude as compared to simple GaN or AlN waveguides. Theoretical
investigations indicate that an efficiency of 30%W−1cm−2 can be achieved. We confirmed this
theoretical estimation through an experimental demonstration, obtaining a conversion efficiency
of 4%W−1cm−2. Further improvements are expected by reducing the propagation losses. The use
of ring resonators with high quality factors should provide an alternative approach to demonstrate
very high conversion efficiencies for second order nonlinear processes.
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