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ABSTRACT To mitigate the temperature sensitivity of photonic devices, materials with a negative
thermo-optical coefficient (TOC) are integrated to optical waveguides. However, previously reported waveg-
uides are made athermal at only one wavelength. In this paper, we theoretically propose a new broadband
athermal waveguide, which consists of TiO, with a negative TOC and SiC with a positive TOC in its core.
This composite core shows a near-zero broadband effective TOC, i.e., =1 x 10%/K over a 780-nm bandwidth
from 1280 to 2060 nm. Furthermore, it also has low anomalous dispersion, from 66 to 329 ps/nm/km in the
same wavelength range. This new athermal waveguide, when used to form microresonators, enables us to
achieve broadband nonlinear applications with negligible intra-cavity thermal dynamics on a chip. We also
show that the proposed waveguide can be tightly bent without suffering from a large bending loss/substrate
leakage, which is suitable for dense integration.

INDEX TERMS Integrated optics, waveguides, microresonators, athermal devices, temperature sensitivity.

I. INTRODUCTION

Photonic integrated circuits have been intensely investigated
in recent years [1]. Photonic devices suffer from a thermal
drift of performance, especially for active or resonator-based
devices. For example, a relatively large positive thermo-
optical coefficient (TOC) in Si (1.8 x 10~4/K [2]) remains
a serious concern to the community of integrated photon-
ics. Athermal waveguides and resonators [2]-[12] have been
reported, using optical materials (polymer [3]-[8] or TiO>
[2], [9]-[12]) with a negative TOC to balance the positive
TOC in the waveguide core. A polymer cladding may have
a low decomposition temperature and long-term stability
issue, while TiO; is very attractive. It is noted that, in most
cases, the athermal property has been achieved at only one
wavelength [2]-[12], which is not adequate for WDM or
wideband nonlinear applications. It would be desirable to
achieve athermal operation for photonic devices over a wide
band.
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Recently, a new waveguide structure [13] has been
proposed for broadband athermal operation over a bandwidth
of >300 nm, which has two claddings as shown in Fig. 1(a):
one with a negative material TOC is closer to the waveguide
core, while the other with a positive TOC corrects the wave-
length dependence of the effective TOC. The dual-cladding
waveguide has roughly half of modal power in the claddings
to balance materials’ TOCs, causing dramatic field expan-
sion as wavelength increases and thus strong waveguide
dispersion around —3600 ps/nm/km.

In fact, dispersion is an important property for a res-
onator when it is used for WDM applications. Due to dis-
persion, the resonance peaks of a cavity are not equally
spaced in frequency domain, and the uniformity of free spec-
tral ranges (FSRs) over a wide bandwidth is determined by
intra-cavity dispersion [14]. If not controlled well, the dis-
persion can induce a difference of adjacent FSRs even more
than a resonance linewidth, which is not suitable for WDM
applications.

Moreover, dispersion is essential in nonlinear optics, e.g.,
for broadband parametric amplification, wavelength con-
version, supercontinuum and frequency comb generation.
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FIGURE 1. (a) The structure of broadband athermal waveguide [13].

(b) The waveguide structure of this paper. The TiO, layer is between two
SiC layers. The cladding is Siz N, and the substrate is SiO,. (c) The
dispersion properties and the effective TOCs of the

waveguides (a) and (b).

For wideband phase matching, dispersion engineering typ-
ically aims to provide a small anomalous dispersion with
one or more zero-dispersion wavelengths (ZDWs) [15], [16].
A flat and low dispersion has been obtained using
dispersion-flattening with four ZDWs [17]-[22]. Recently,
microresonator-based nonlinear devices [23]-[25] have
become highly attractive, which are enabled via disper-
sion engineering as well as significant intra-cavity power
buildup and thus strong nonlinearity. As a result, it is
featured by slowly evolving thermal dynamics, which is
viewed as a detrimental effect [26] and causes uncertainty in
device performance. It would be highly desirable to obtain
an athermal resonator over a wide band where dispersion
is simultaneously engineered. However, this remains quite
challenging.

In this work, we propose a novel waveguide to achieve both
broadband athermal and low-dispersion properties simulta-
neously for the first time. It has a small effective TOC within
+1 x 107° /K over a 780-nm-wide bandwidth, from 1280 nm
to 2060 nm. Its unique feature is a relatively small anomalous
dispersion, from 66 to 329 ps/nm/km, over the same spectral
range, which is suitable for wideband nonlinear parametric
interactions with phase matching.

Il. PRINCIPLE AND MATERIAL CHOICE

In principle, for athermal operation, mode field distribution
should be balanced between positive-TOC and negative-TOC
materials. Conventionally, athermal waveguides reach such a
balance between waveguide core and cladding [2]-[12], but,
as wavelength increases, the guided mode always expands
more into the cladding, which causes that the athermal prop-
erty only occurs at a single wavelength [2]-[12]. Generally
speaking, the effective TOC of an athermal waveguide can
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be expressed in Eq. (1).
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where dn./dT(}), dng/dT(}), and dng,,/dT(A) represent the
material TOCs of waveguide core, cladding and substrate,
respectively, and accordingly I'c(}), I'¢i(1) and Igyp(A) are
the power confinement factors of the waveguide mode. Typi-
cally, the material TOCs remain almost unchanged [27], [28]
over a wavelength band of interest and the spectral depen-
dence is ignored [2]-[12], while the confinement factors
monotonically vary with wavelength. Therefore, the effective
TOC becomes zero at only one wavelength.

In contrast, the broadband athermal waveguide in [13] has
two claddings, as shown in Fig. 1(a). The lower cladding is
used to balance the thermal properties at short wavelengths,
while the upper cladding to correct the thermal properties
at long wavelengths. This way, the waveguide core has to
be small so that the mode is “squeezed” out to the upper
cladding at long wavelengths. In this design approach, the dis-
persion is normal and as strong as -3600 ps/nm/km (see the
dash line in Fig. 1(c)), which is not good for WDM and
broadband nonlinear applications. Note that all the design
freedoms are used to produce broadband athermal properties
[13], and it becomes very challenging to tailor dispersion
simultaneously.

Here, we use a new design approach, in which dispersion
engineering and athermalization are separated to a certain
extent. As shown in Fig. 1(b), waveguide core has two types
of materials with the opposite TOCs but similar linear refrac-
tive indices. This means that the core is roughly balanced in
terms of thermal properties, and the cladding is used to tailor
dispersion [15]. This enables to use relatively fewer parame-
ters to achieve dispersion tailoring and athermalization over
a wide band simultaneously. It is important to note that
adding the coat will slightly change the effective TOC and
its wavelength dependence, but they can finally be corrected
back by small modifications of core dimensions. Note that
SiC has stronger Kerr nonlinearity than Si3Ny4. Although Si
has even larger nonlinearity, the Si waveguide suffers from
two-photon absorption over the wavelength range of interest.
Thus, we consider using SiC for future use of this device for
nonlinear applications. We also note that TiO; has negligible
two-photon absorption around 1550 nm wavelength. It is
important to emphasize that, although dispersion and ather-
malization are separated conceptually in the initial design,
one has to jointly consider both in every step of dimension
tailoring, because making dispersion and TOC both satisfac-
tory (low and flat) over such a wide wavelength range is very
challenging.

In our work, the presented waveguide has a TiO; layer with
a negative TOC between two SiC layers with a positive TOC,
as shown in Fig. 1(b). The cladding is Si3N4 and the substrate
is SiO; which is 3 um and silica-on-silicon-substate, both
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with positive TOCs. We consider the quasi-TE mode, and
its effective indices are obtained using a mode solver. All
material dispersions [29]-[31] measured before are taken into
account. TiO; and SiC have the refractive indices of around
2.4 and 2.6, which are close to each other.

For SizNy4, we use the following Sellmeier equation [29]:

n20) =14 Ci1A2 /(02 =13

where C; = 2.8939 and A1 = 0.13967 um.
For SiC, we use the following Sellmeier equation [30]:

() =1+ C1A% /(A% = CH) + 322 /02 = CH)

where C; = 5.58245,C, =
2.468516, C4 = 11.35656.
We use the following Sellmeier equation for TiO, [31]:

0.1625394,C3 =

n*(h) = EqEopwal (B2, — EX 4+ 1)

owd

where eV = 1.602 x 10719 E4 = 23.8, Eowa = 5.8,
h = 6.626 x 10734 E = hc/eV/(A x 1079).

Group velocity dispersion, D = —(c/A) - (dzneff/d)\.z),
is calculated, where nefr is the effective index of the mode,
and c and A are the speed of light and wavelength in vacuum,
respectively. The material TOCs of SizN4, TiO;, SiC, and
Si0; are 2.45 x 1073/K [32], —1 x 107#/K [28], 1 x 10~4/K
[33], and 1 x 1073/K [2], respectively. More details about
the materials are in Discussion section. In simulations, we set
the mesh size in Si3zNy, TiO,, SiC, and SiO; to be 20, 40,
20 and 100 nm, and perfectly matched layer (PML) is 6 um
away from the waveguide, with a mesh size of 100 nm in
it. To calculate the dispersion profile of the modes, we use
a wavelength step of 20 nm, which has enough accuracy as
confirmed in [17].

IIl. RESULT

The dimension parameters are the following: width W =
700 nm, upper height H, = 162 nm, middle height H,, =
285 nm, lower height H} = 112 nm and coated Si3N4 height
H. = 150 nm. Using this structure shown in Fig. 1(b), the
broadband athermal property is found with an effective-TOC
variation of £1 x 10~%/K over a 780-nm bandwidth (1280 to
2060 nm) which is more than twice larger than that in [13].
The two zero-TOC wavelengths are 1380 and 1860 nm,
and the TOC valley is at 1600 nm. A relatively flat and
low dispersion profile is produced using a conformal SizNy4
coat layer [15]. The obtained dispersion is from 60 to
329 ps/mm/km from 1280 to 2060 nm, the same wavelength
range as above. Two ZDWs are found at 1230 and 2150 nm,
respectively. This amount of anomalous dispersion is usable
for nonlinear parametric processes [23]-[25].

Mode field distributions at different wavelengths are
shown in Fig. 2(a). The mode has more power in the upper
SiC layer initially because H, > Hj, and it accumulates
in TiO, more and more as wavelength increases. At long
wavelengths, the mode expands to the lower SiC layer and
the SizNy4 coat with positive TOCs. As shown in Fig. 2(b),
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FIGURE 2. (a) Modal field distributions at different wavelengths.
(b) Mode confinement factors in TiO, (solid line), SiC (dashed line) and
SizN,4 (dotted line).

the mode confinement factor in TiO, has the maximum value
at 1400 nm, but the effective TOC has its smallest value at
1600 nm. This can be explained as follows. Below 1400 nm,
the effective TOC is positive because the mode confinement
factor in the positive-TOC layers, the upper and lower SiC
and coat Si3Ny, is more than that in the negative-TOC TiO;.
From 1400 to 1600 nm, because the confinement factor in
SiC decreases faster than in TiO,, the effective TOC becomes
negative and reaches the smallest value of —1 x 107%/K
at 1600 nm as shown in Fig. 1(c). Then, the mode extends
into the lower SiC and the coat more, making the effective
TOC positive again. It is important to note that the design
approach regarding the separation of dispersion engineering
and athermalization mentioned above is conceptual. In fact,
the Si3N4 coat would slightly affect the effective TOC as well,
although its influence can be easily corrected by tailoring core
dimensions.

The effects of structural parameters on the athermal and
dispersion properties are examined by changing each of
them around the optimum values, while the other parameters
are kept the same. First, the dependence of the dispersion
and the effective-TOC properties on the waveguide width
is seen in Fig. 3(a). We calculate the curves for different
widths ranging from 690 to 710 nm. The dispersion and
effective TOC are almost the same in its shape and slope.
At 1600-nm wavelength, the dispersion value decreases from
319 to 314 ps/nm/km and the effective TOC decreases from
—6.8 x 1077 to —8.2 x 1077/K as the width increases
from 690 to 710 nm. This is because the width variation
in the horizontal direction has almost no influence on the
power ratio of the mode in positive-TOC and negative-TOC
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FIGURE 3. Dispersion and effective-TOC curves change with (a) width,
(b) upper SiC height, (c) TiO, height.

materials in the vertical direction, which determines the
effective TOC.

When the upper SiC height, Hy, is increased from 159
to 165 nm, the dispersion slightly increases from 316 to
317 ps/mm/km, and the effective TOC increases from
—1.4 x 107% to —7.6 x 1079/K at 1600-nm wavelength,
as shown in Fig. 3(b). As Hy is increased, the mode moves
more into the positive-TOC material, so the effective TOC
increases. Similarly, when the height of TiO; is increased
from 280 to 290 nm, the dispersion increases slightly from
315 to 318 ps/nm/km, and the effective TOC decreases from
1.1 x 1077 to —1.6 x 107%K at 1600-nm wavelength
in Fig. 3(c), because the mode in negative-TOC material
is raised, so the curve of the effective-TOC moves down
entirely. Because less mode is confined in the lower SiC layer,
the effective TOC does not change much with the height
of SiC, Hj. For example, at 1600-nm wavelength, when H;
is increased from 110 to 114 nm, the dispersion increases
from 314 to 320 ps/nm/km, and the effective TOC slightly
increases, as shown in Fig. 4(a).

To obtain flat and low dispersion, the multilayer structure
is conformally coated with SizNy [15]. The coating layer
affects dispersion and the effective TOC as illustrated in
Fig. 4(b). At 1600-nm wavelength, when the thickness is
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increased from 147 to 153 nm, the dispersion is decreased
from 326 to 308 ps/nm/km and the effective-TOC is increased
from —8.9 x 1077 to —6.1 x 10~7/K. When the proposed
waveguide is used to form a ring resonator, the influence of
bending radius (R) on dispersion and the effective TOC is
shown in Fig. 4(c). The dispersion and effective TOC have a
negligible change as the radius increases from 50 to 110 pum.

From above, the effective TOC changes with the upper
SiC and TiO; heights, as shown in Fig. 3(b) and Fig. 3(c).
This requires careful calibration of the film deposition rate in
device fabrication. When width, lower SiC height and coated
Si3Ny4 height change, the effective TOC varies slightly. The
reason can be explained from the mode distributions shown
in Fig. 2. The mode is mainly confined in upper SiC layer
and TiO; layer, so they have a dominant influence on the
ratio of the mode in the positive-TOC and negative-TOC
materials. The effective TOC changes negligibly when the
other structural parameters change.

Since the effective TOC is more sensitive to the variations
of the upper SiC height and the TiO; height, we examine
its dependence on those at the zero-TOC wavelengths, i.e.,
1380 and 1860 nm. As shown in Fig. 5, the effective TOC
moves within a range of 20 x 107° /K, when the upper SiC
height is changed from 122 to 202 nm and the TiO, height

VOLUME 9, 2021



L. Xu et al.: Broadband Athermal Waveguides and Resonators With Low Anomalous Dispersion

IEEE Access

320 (@)

E

£ 300

=

k=) TOC(1x10-6/K)

2801 20

6 15

= 260 10
5.0
0.0
5.0
-10
-5
-20

TiO2 height (nm)

140 160 180 200
Upper SiC height (nm)
FIGURE 5. The effective TOC varies with the upper SiC height and the TiO,

height at (a) 1380-nm and (b) 1860-nm wavelengths. Solid lines are for
zero-TOCs.

is from 245 to 325 nm. The solid lines in Fig. 5 represent
the cases where the effective TOC is zero. Compared to the
data at 1860 nm, the line at 1380 nm changes faster, because
the confinement factor is more sensitive to the change in the
upper SiC height at short wavelengths than at long wave-
lengths. Nevertheless, we can still obtain a quite low TOC
when changing the heights of SiC and TiO, simultaneously
in a certain range.

As the waveguide width increases, the TOC curves move
down, as shown in Fig. 6(a), and we note that the mode in the
middle TiO, layer increases more than in SiC. The smallest
effective TOC decreases from 2.5 x 1070 to —1.5 x 1076/K
and moves from 1340 to 1680 nm wavelength, as the width
increases from 410 to 850 nm, as shown in Fig. 6(b). We can
obtain a wider bandwidth through increasing the width and a
small change in the SizNy coat thickness.

The modal field in the waveguide extends to the substrate
as wavelength increases, as shown in Fig. 2(a), and thus
substrate leakage becomes more significant at long wave-
lengths especially when the waveguide is tightly bent. When
used in microresonators (as shown in Fig. 7(a)), the proposed
waveguide has a negligible bending loss when the bending
radius is 10 wm or more, as shown in Fig. 7(b). This is much
better than that in [13], proving that the proposed waveguide
with a layered core is more suitable for dense integration than
the reported waveguide with multiple claddings in [13].

The temperature-dependent wavelength shift (TDWS) in a
microresonator [8] is determined by Eq. (1)

dro/dT = (ho/ng) X (Iner/dT) @

where A is the resonance wavelength, and ng is the group
index of the mode. A variation of TDWS within £0.5 pm/K
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FIGURE 7. (a) Microresonator based on the proposed waveguide; (b) The
substrate leakage loss of the proposed waveguide without bending and
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in the wavelength range from 1280 to 2000 nm is obtained,
as shown in Fig. 8. Note that the TDWS of a silicon waveg-
uide is roughly 110 pm/K [34], an improvement of two orders
of magnitude in thermal sensitivity. Around 1550 nm as an
example, such a TDWS is corresponding to 63 MHz/K, which
is less than the resonance linewidth of a high-Q cavity (Q =
3 x 10%). In microresonator-based frequency comb genera-
tion, thermally induced resonance shift is 14-100 pm [26],
[35], [36], and this can be dramatically reduced to about
1 pm over the whole 720-nm bandwidth if using the proposed
waveguide.
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IV. DISCUSSION

We note that in principle material TOC varies with tem-
perature and wavelength [37]. To experimentally verify the
proposed broadband athermal device, complete measurement
of material TOCs are needed. In addition, as temperature
changes, different material layers may become stressed due
to thermal expansion [38], which affects both TOC and
dispersion. However, it is important to emphasize that all
the above issues could be viewed as higher-order pertur-
bation [38] in waveguide design in future and can be cor-
rected by slightly changing dimensional parameters, when a
temperature/wavelength range of interest is specified.

In device fabrication, atomic layer deposition (ALD) for
TiO, is preferred [31] for better thickness control, which
produces amorphous TiO», and state of the art ALD machines
(e.g., from BENEQ) exhibit short cycle times and fast depo-
sition. Plasma enhanced chemical vapor deposition can be
used for other materials, and small thickness variation can be
pre-calibrated [39] and taken into account in the next round
of device design and fabrication. Although deposited Si3Ny4
layer may have N-H bond absorption, it is noted that only a
small fraction of optical modal power is in that layer.

Although in this paper we use TE mode to obtain broad-
band and small effective TOC and low anomalous dispersion,
we also find that one can have it for a TM mode, as shown
in Fig. 9. The near-zero effective TOC is obtained within
+1x107%/K over a 520-nm bandwidth from 1160 to 1680 nm
for the TM mode, which is narrower than the TE mode.
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The dispersion is varying from 33 to 478 ps/nm/km at the
same bandwidth. The dimension parameters are given as
follows: width W = 700 nm, upper height H, = 200 nm,
middle height Hy, = 220 nm, lower height H; = 112 nm and
coated Si3Ny height H, = 150 nm. It is thus proved that the
proposed athermalization scheme can be generally applicable
to both TE and TM modes, which can expand the use of the
proposed athermal waveguides.

For resonator-based nonlinear applications, with the
greatly reduced TDWS, one may not need a tunable pump
laser anymore to follow the resonance shift due to a thermal
drift [26], [35], [36], as a large amount of power is injected
into the cavity. Removing the need for an on-chip tunable
pump laser would significantly mitigate the challenges to
build a fully integrated nonlinear system.

We consider using SiC for future nonlinear applications
because of its strong Kerr nonlinearity (5.9x 10~ 7cm?/W).
Figure 10 shows the high nonlinear coefficient y decreases
with wavelength. Note that the considered wavelength range
for the presented waveguide is beyond half-bandgap wave-
length, and two-photon absorption can thus be ignored. The
materials are all in transparency window, which are very
suitable for microresonators.

V. SUMMARY

We have proposed a novel waveguide that exhibits
temperature-insensitive properties over a 780-nm-wide band,
from 1280 to 2060 nm, with a near-zero TOC within 1 x
107%/K. The unique feature of this waveguide is its small
anomalous dispersion from 66 to 329 ps/nm/km, in the same
spectral range. The device can be used for nonlinear appli-
cations using microresonators. This athermalization scheme
is expected to enable practical monolithically integrated pho-
tonic devices.
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