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Broadened Low Anomalous Dispersion in Athermal
Aluminum Nitride Hybrid Waveguides
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Abstract—An aluminum nitride hybrid waveguide is proposed
to reduce the challenges brought on by high temperature sensitivity
of microresonator-based devices. The waveguide is temperature—
insensitive (athermal) and has an effective thermo-optic coefficient
value of -2 X 10~%/K in the wavelength range of 1412 to 1800 nm. It
exhibits anomalous dispersion of less than 96 ps/nm/km over octave
in the range of 1540 to 3234 nm. The nonlinear coefficient of the
aluminum nitride waveguide is enhanced by the strong nonlinearity
of titanium oxide. Application of the athermal waveguide in the
optical frequency comb is simulated to prove its superior thermo-
optic performance.

Index Terms—Athermal waveguide, dispersion engineering,
nonlinear optics, titanium dioxide.

1. INTRODUCTION

N THE past decade, Si-based photonic devices attracted
I great attention due to the low propagation loss in them and
mature manufacturing processes compatible with complemen-
tary metal-oxide-semiconductor (CMOS) technology. Due to the
relatively large positive thermo-optic coefficient (TOC) of Si,
photonic devices based on this material have high sensitivity
to temperature variations [1], [2], which adversely affects their
practical applications, especially in resonator-based devices for
wavelength division, multiplexing or wideband nonlinear ap-
plications. To mitigate the temperature sensitivity of photonic
devices, various methods were proposed for silicon [3], silicon
nitride [4]-[6] and silica [7] platforms. However, athermal oper-
ation of aluminum nitride (AIN) devices, which is indispensable
for their practical application, was not studied.

Due to the high quality of AIN films and strong nonlin-
ear effects in them, many significant achievements were real-
ized in nonlinear photonics using this material, which include
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wavelength conversion [8], formation of supercontinuum [9] and
optical frequency combs (OFC) generation [10]. In nonlinear
optics, nonlinear coefficient and dispersion are essential. Large
values of the former enable to reduce turn-on and operation
power. A flat and low dispersion, which can be achieved by
dispersion engineering, is also strongly demanded [11]. Broad-
band low dispersion is usually desired to ensure phase matching
condition over a wide spectral bandwidth [12]. Moreover, low
dispersion enables to avoid signal distortion caused by pulse
broadening and compression. Furthermore, thermal effects in the
resonator are significantly enhanced in nonlinear applications
that require accumulation of large power in the cavity. It causes
unreliability in device performance [13], which is definitely a
detrimental effect. This also calls a strong demand for athermal
operation of microresonator-based nonlinear devices.

As compared to polymers, which are chemically unstable
and susceptible to photodegradation [14], [15], titanium dioxide
(TiO2) is an ideal material with a negative TOC,3-4 times higher
than the one of AIN [4]. It is fully compatible with CMOS
technology and has many desirable properties such as chemical
and mechanical stability as well as compatibility with devices
[16]. Titanium dioxide was used in various athermal devices on
silicon and silicon nitride platforms [17], [18]. Moreover, TiO4
has a relatively large nonlinear index, n, = 2.3 x 107! m*/W,
which is approximately 3 times larger than that of AIN [16].
Several nonlinear effects were recently demonstrated in TiOq
waveguides, such as third harmonic generation, formation of su-
percontinuum, spectral broadening and four-wave mixing [16],
[19]. However, high-quality low-loss waveguides based on TiO2
are not easy to fabricate. Additional steps of the fabrication
process, such as lift-off and bottom-up growth, are required
[20], [21].

In this paper, we propose and numerically study for the first
time an AIN/TiO4 hybrid waveguide structure with three prop-
erties improved as compared to traditional waveguides. TiO3 is
used as a cladding material to coat the whole AIN waveguide
structure with the purpose of engineering its thermo-optic co-
efficient, broadening low anomalous dispersion and enhancing
nonlinearity. Since TiOs has significantly large TOC value, a
thin layer of this material is sufficient to compensate for the
positive TOC of AIN without the need for a lift-off or etching
process. The effective nonlinear coefficient of the obtained hy-
brid waveguide increases due to the large value of the nonlinear
coefficient of TiOs.
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(a)

Fig. 1. Structure of hybrid waveguide. Its main parameters are W, H, hn and
6. (b) Smooth optical mode field profile of fundamental quasi-TE mode is due
to the similar refractive indices of aluminum nitride and titanium oxide.

II. PRINCIPLE AND DESIGN

In view of the excellent properties of both AIN and TiO»
materials, a simple waveguide structure is sufficient to meet
all the demands, which include small thermo-optic coefficient,
low anomalous dispersion in the wide band and large nonlinear
coefficient. The structure of the hybrid waveguide considered in
this work is shown in Fig. 1. AIN core layer of the waveguide
has the thickness H, width W and sidewall inclination angle
0, respectively. hn is the thickness of the TiO, compensation
layer. Such design of the waveguide structure enables to obtain
high-quality TiO» films without use of complicated processing
techniques. Moreover, the hybrid waveguide can retain the orig-
inal excellent optical properties of single-crystalline aluminum
nitride [22], unlike slot waveguides that require multiple growth
processes resulting in extra losses [23].

The main optical parameters in the simulations were the ef-
fective refractive index and mode field distribution in the hybrid
waveguide. As shown in Fig. 1, the athermal hybrid waveguide
mainly consists of four parts, namely the AIN central layer, the
TiO4 layer, the substrate, and the Si oxide cover layer.

We used the finite element method (FEM) implemented in
the COMSOL Multiphysics software to calculate the effective
refractive index of the proposed waveguide structure. A perfect
matched layer (PML) boundary condition was applied to the
outermost silica layer to absorb the power leaking outwards. The
effective refractive index of the waveguide can be expressed as
follows [24]:

N
nepr =Y Tin; (0

where n; are the refractive indices of each material composing
the waveguide, and I'; are the field limiting factors of the sub-
strate, core, compensation layer and cladding layer, respectively.

In general, the I'; values remain fairly invariant within a mod-
erate range of temperature variation. Therefore, the thermo-optic
property of guided mode is dominated by them, which is given
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TABLE I
TOC AND No OF HYBRID WAVEGUIDE MATERIALS

Material AIN TiO: SiO: Sapphire
TOC 271251 -10[5] 1.0 0.125
(10%/°C) [5] [26,27]

n; 3.5[28] 23[16] 0.276  0.28 [30]
10" m2-W) [29]
by the following expression:
N
dneff _ . dni (2)

— " dT

(3

dr

Here, the effective TOC of the waveguide is given as the first
derivative of the effective refractive index of the waveguide with
respect to temperature. We can write it as follows:

TOCerp = TanTOC N + '5502TOCs02
+ I'7i02T0CTi02 3)

When the athermalized waveguide considered here is used
together with microring resonators with different radii, the ef-
fective TOC of the latter remains almost unchanged. We can
directly calculate the relationship between TDWS (temperature
dependent wavelength shift) and wavelength using the relation-
ship between the former and TOC [3]. Since TiO is used only
as the temperature compensation material for AIN waveguide,
due to its large thermo-optical coefficient a thin TiO, film can
compensate for the thermo-optic effect of thick AIN film. By
simulating and optimizing the waveguide structure, its structural
dimensions that meet the required demands are obtained. The
TOC and nyp values of the materials we used are shown in
Table 1.

III. RESULTS AND DISCUSSION

Taking into account the waveguide structure proposed in this
work, three main parameters of the waveguide, namely H, W
and hn were simulated and optimized. First, we simulated the
effective TOC values at the values of structural parameters in
a certain range. After that, the dispersion curve was calculated
using the obtained effective TOC values. Finally, the nonlinear
coefficients of the waveguide were found. The optimal wave-
guide structure was selected by comparing the performance of
waveguides with different parameters.

A. Thermo-Optic Property

In order to realize the temperature compensation effect by
TiOs, its thickness should change with the change of the AIN
structure. We calculated the effective TOC values for a series
of waveguide structures with varying parameters. In particular,
the structures with W changing from 2.0 to 3.5 ym, H changing
from 0.7 to 1.1 pm and hn changing from 0.15 to 0.35 pm
were considered. The calculation results mainly showing the
relationship between the effective TOC value at 1550 nm and
the values of three dimensions indicated above are presented.
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Fig. 2. Variation of effective TOC with AIN width W and thickness H and

TiO5 thickness hn.

The black curves in Fig. 2 correspond to the effective TOC
values equal to 0 at 1550 nm. The color bars on the right show
the effective TOC scales. Three structural parameters have an
impact on the effective TOC value of the hybrid waveguide.
Among them, the thickness of TiOy is an important charac-
teristic, which significantly influences on the effective TOC.
It can be clearly seen from Fig. 2 that the increase of this
thickness leads to a gradual change of the effective TOC from
positive to negative values. Furthermore, the size of the core
waveguide has also a strong effect on the effective TOC value.
With the increase of waveguide size, this value gradually be-
comes positive, indicating that thicker titanium oxide is required
to balance the effect of temperature variation. Equation (3)
demonstrates that more optical mode field is confined in the
core layer of large-scale waveguide. When the thickness of TiO5
increases, more optical energy, becomes distributed in it and
less energy in AIN. This leads to more uniform distribution
of optical field and facilitates the compensation of temperature
effect.

B. Dispersion and Nonlinear Coefficients

Dispersion plays an important role in nonlinear applications.
Dispersion engineering is an important technique to control
the dispersion of waveguides to meet different requirements:
normal dispersion or anomalous one. In this section, we calculate
the dispersion for waveguide structures with the parameters
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Fig. 3. Variation of dispersion with (a) width and (b) height of AIN, and
(c) TiO2 layer thickness.

obtained in Section III-A. The group velocity dispersion (GVD)
parameter D is used to characterize the second-order dispersion.
This parameter is calculated by the following formula:

A dZneff
P=C"ne @

where n.g is the effective refractive index of the waveguide, A
is the wavelength of light, and c is the speed of light in vacuum,
respectively. D > 0 corresponds to normal dispersion and D <
0 to anomalous dispersion, respectively.

We carried out numerical simulations to determine the
values of GVD parameter for different waveguide geometries.
Obtained results are shown in Fig. 3. The dependences presented
in Fig. 3(a) demonstrate that increase of the width of the core
waveguide leads to the shift of the dispersion curve to longer
wavelengths. At this, longer-wavelength zero dispersion point
rapidly shifts in the same direction and the dispersion curve
flattens. Fig. 3(b) shows that the value of dispersion increases
and the dispersion curve shifts upward at the increase of the core
waveguide height. As can be further seen from Fig. 3(c), increase
of the thickness of TiO, compensation layer induces the shift of
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Fig. 4. TOC and TDWS versus wavelength for AIN waveguide without and
with TiO2 compensation layer.
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Fig.5. Dispersion curves for AIN waveguide without and with TiO5 compen-
sation layer.

GVD towards negative (normal) values. However, according to
the results of the calculations of thermo-optic performance, the
thickness of TiOy layer should be increased accordingly with
the increase of the size of the core layer waveguide. Therefore,
the structure of the waveguide should be properly optimized.
The optimum thermo-optical property, low anomalous dis-
persion value and extremely small TOC values at 1550 nm of
hybrid waveguides are obtained at the thickness An = 0.222 ym
of TiOy layer deposited on the initial waveguide with W =
2.0 pm, H = 0.9 pm, and § = 80°. As shown in Fig. 4, the
hybrid waveguide has a near-zero broadband effective TOC
value of 2 x 107%/K over the bandwidth from 1412 to 1800 nm.
The TDWS of the athermal microring resonator can be kept
within =1 pm/K in the wavelength range of 1436 to 1705 nm.
Besides, this hybrid waveguide has superior dispersion per-
formance as compared to the initial AIN waveguide, as can
be seen in Fig. 5. As shown in this figure, it has flat low
anomalous dispersion over an octave bandwidth and anomalous
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dispersion with the maximum of 96 ps/nm/km in the wavelength
range of 1540 to 3234 nm. Although the hybrid waveguide
consists of different materials, namely TiOs and AIN, they
have a moderate difference in refractive indices. Therefore, the
profile of electric field mode changes smoothly in the waveguide
core region with no abrupt changes like the ones observed
in slot waveguides, as shown in Fig. 1(b).

The origin of the nonlinear refractive index of optical ma-
terials is the third-order susceptibility term (x?) of induced
polarization as described in [31]. The effect of this characteristic
on optical waveguides is usually described by the nonlinear
parameter v, which is expressed as follows [32]:

21 - no
Ul 5)

Here, A is the wavelength of light and A . is the effective mode
area, respectively. Based on [33], we calculated the variations of
nonlinear coefficients for the initial and the hybrid waveguide in
the wavelength range of 1300 to 1800 nm. Respective results are
shown in Fig. 6. As can be seen from this figure, the nonlinear
coefficient of the hybrid waveguide is significantly enhanced as
compared to the one for the initial waveguide.

In practice, fabrication errors are inevitable. They have a
significant impact on the effective TOC value and dispersion.
The error ranges are different depending on the fabrication
steps. For evaluation of the fabrication error tolerances of the
multilayer hybrid waveguide, the effects of structural parameters
on the athermal and dispersion properties were studied. This
study was performed by changing each of these parameters
around the optimum values, while keeping the rest ones constant.
We varied the values of the structural parameters W, H, hn and 6.
The variation ranges were as follows: W was varied from 1.9 to
2.1 pm at the step of 0.1 pm; H was varied from 0.85 t0 0.95 pm
at the step of 0.05 pum; hn was varied from 0.212 to 0.232 um
at the step of 0.01 pm; and 6 was varied from 75° to 85° at the
step of 5°.

The results of this study are shown in Figs. 7 and 8. It can be
seen from these figures that when the width of AIN increased
from 1.9 to 2.1 pm, the effective TOC values changed from
—3.6 x 1077/K to 3.5 x 1077/K at 1550 nm and the anoma-
lous dispersion wavelength range changed from 1530-3115 to
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Fig. 7.  Shifts of effective TOC curves with (a) width and (b) height of AIN,
(c) TiO2 layer thickness and (d) sidewall inclination angle.

1551-3397 nm. When the height of AIN increased from 0.85
to 0.95 pum, the effective TOC values increased from —1.45 x
107%/K to 1.368 x 10~%/K at 1550 nm and the anomalous disper-
sion wavelength range changed from 1531-2984 to 1560-3398
nm. At the variation of the thickness of the TiO, compensa-
tion layer from 0.212 to 0.232 um, the effective TOC values
increased from —2.123 x 107%/K to 2.06 x 10~%/K at 1550 nm
and the anomalous dispersion wavelength range changed from
1531-2984 to 1560-3398 nm. As for the sidewall inclination
0, the change of the effective TOC value was extremely small,
within +£2.06 x 10~8/K, varying 6 from 75° to 85°, and the
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anomalous dispersion wavelength range changed from 1531-
3074 to 1557-3376 nm at this. From these results, a conclusion
about different effects of the considered four parameters on the
effective TOC value and dispersion can be drawn. At this, the
width and the thickness of aluminum nitride core layer are the
main influencing factors. The thickness of titanium oxide as
the temperature compensation layer has a great influence on the
value of TOC, butits effect on the dispersion is much weaker. The
sidewall inclination angle has a great influence on the dispersion
but little effect on the TOC value.

In device technologies, single-crystalline AIN films are
grown on sapphire substrates by metal organic chemical vapor
deposition (MOCVD) [34], which enables to control the error
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range of the layer thickness within tens of nm. Atomic layer
deposition (ALD) of TiO, [35] provides a better control of the
thickness error in the range of a few nm. The sidewall inclination
angle 0 is closely related to the etching conditions of AIN and is
a definite value when these conditions are fixed. Therefore, we
present the guidance for effective tailoring TOC and dispersion
of the proposed waveguides to achieve the desired waveguide
properties.

C. Optical Frequency Comb Application

To demonstrate the influence of temperature on OFC gener-
ation in different waveguides, we simulated the generation of a
comb using the Lugiato—Lefever equation [36], [37]:

2
g—f = —(1+ia)y + il * — z‘g%’ +F (6

In these simulations, the quality factor was set to be 10° and the
values of dispersions around 1550 nm were 120.078 and 0.6596
ps/nm/km for the initial and the athermal hybrid waveguide,
respectively. When the radii of two microrings are both equal
to 100 pm, the values of TDWS around 1550 nm for microring
resonators with the strip and the athermal hybrid waveguide are
18.529 and 0.00383 pm/K, respectively. We simulated the OFC
generation in different waveguides at slow temperature changes
at the pump power F? = 6.5. Figs. 9 and 10 show the results
obtained at the application of the initial and the hybrid waveguide
in the microcavity, respectively.

As can be seen from Fig. 9, raise of the temperature from
300 to 300.2 K for the microcavity with the initial waveguide,
induced apparent change of the average round trip energy in the
cavity. The state of OFC changed from the soliton (at 3000 71,
where 7}, is the photon lifetime) to the chaotic one (at 6000 7 ,)
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in the time-domain, as shown in Fig. 9(b), and the envelope of
the comb lines became irregular in the frequency domain, as
shown in Fig. 9(c). Respective results for the hybrid waveguide
obtained under the same initial detuning conditions are shown
in Fig. 10. When the temperature of the hybrid waveguide was
raised from 300 to 330 K, the average round trip energy change
in the cavity was small. The OFC state remained the soliton one
(at 3000 751, and 6000 7). This means that the microcavity
based on the hybrid waveguide has a good thermal stability as
compared to that of the initial AIN based microcavity.

IV. CONCLUSION

In this work, a hybrid waveguide with a near-zero broadband
effective TOC values of +2 x 107%K over the bandwidth
of 1412 to 1800 nm is proposed. This waveguide shows a
low anomalous dispersion over an octave and an anomalous
dispersion of less than 96 ps/nm/km in the wavelength range
of 1540 to 3234 nm. The nonlinear coefficient of the hybrid
waveguide is enhanced as compared to the one of the initial AIN
waveguide. In addition, we numerically simulated the effect of
temperature change on the generation of OFC by comparing
a traditional strip waveguide with the hybrid one. We proved
that the athermal hybrid waveguide has a pretty good thermal
stability. Obtained results are significant for AIN waveguides for
athermalized device and nonlinear applications.
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