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Abstract: In this work, we demonstrate dispersion engineering of silicon nitride waveguide resonators
with atomic layer deposition (ALD). We conducted theoretical and experimental analyses on the
waveguide dispersion with air cladding, hafnium oxide (HfO,) cladding, and aluminum oxide
(Al03) cladding. By employing ALD HfO, as the cladding layer, the dispersion of waveguide can
be tuned to a finer degree in the normal regime at a wavelength of 1550 nm. On the other hand, using
ALD AlL,Oj3 cladding provides the waveguide dispersion that spans regimes in normal, near-zero,

and anomalous dispersion.

Keywords: group velocity dispersion; optical waveguide; dispersion engineering; atomic layer
deposition; microresonator

1. Introduction

Group-velocity dispersion (GVD) of optical waveguides plays a significant role in
applications from optical fibers [1,2] to integrated waveguides [3,4]. For linear photonics ap-
plications, such as optical communication, the waveguide dispersion impacts the capacity
limits of optical fiber networks [5]; as for nonlinear optics, the initiation of nonlinear mecha-
nism strongly correlates with the dispersion regimes [2,4,6]. The waveguide geometries are
able to provide dispersion tuning in a large range, making them beneficial for accommo-
dating different applications. Normal to anomalous dispersion tuning can be achieved by
adjusting the dimension of the waveguide core [6,7]. Additionally, accurate control of GVD
is a crucial task for numerous photonic applications. For instance, several studies show
near-zero dispersion by properly designing the waveguide geometry of core materials,
such as silicon nitride (SiN) [6-8], arsenic tri-sulfide (AS;Ss3) [9], or hybrid silicon/silicon
nitride layers [10]. However, for traditional fabrication processes, waveguide dimensions
are typically realized through a combination of deposition, lithographic patterning, and
etching. Achieving precise control of the waveguide dimension can be challenging, which
makes it difficult to design waveguides with the desired dispersion. For example, anoma-
lous dispersion of SiN waveguides can be achieved by tailoring the height above 700 nm,
in which strain-induced cracks need to be avoided using pre-etched trenches [7,11,12] or
cycling deposition [13]. Moreover, this approach determines the waveguide dispersion
at a very early stage, and limits the flexibility to adjust dispersion for dividual devices.
Recently, a few studies demonstrated the possibility to tune or reconstruct waveguide
dispersion by a patternable polymer cladding layer [14]. Although the dispersion can be
well-tuned in a large range in the final stage of fabrication, this method relies on spinning
polymer cladding, and may not allow precise tuning due to limitations in the fabrication
process. Compared to the uniformity and roughness issue of a polymer cladding, thin film
coating, especially for atomic layer deposition (ALD), provides ultimate uniformity and
accurate thickness control. Traditionally, ALD layers have been used to improve the surface
roughness and mitigate the waveguide loss [15]. In addition to improving waveguide
quality, modifying the confined mode by ALD layers also provides another degree of
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freedom for fine-tuning the waveguide dispersion. It has been shown that, by depositing
ALD HfO; (n = 2.03) on the SiN waveguides, more anomalous dispersion can be applied
to the waveguide [16], while the GVD of SiN waveguides can be adjusted from normal
to anomalous regimes by coating with tellurium oxide (TeO,) thin films [17]. A more
recent work theoretically demonstrates the potential of near-zero dispersion in silica glass
microspheres with micron-scale germanosilicate (GeO;) coating [18], which benefits the
degenerate four-wave mixing (FWM) processes. Among all the potentials for ALD, alumina
(AlyO3) thin-film coating is the most promising candidate, due to its relatively low loss in
the telecom spectral range [19]. However, previous studies have mainly focused on verify-
ing the waveguide dispersion using silicon- or silica-based waveguides/resonators [19,20],
and the extent to which dispersion tailoring can be achieved using ALD remains limited.

In this study, we explore the waveguide dispersion by depositing ALD layers onto SiN
waveguide resonators by varying cladding materials and thicknesses. Compared to the
conventional silicon-based waveguide, SiN is a promising material for nonlinear photonics
owing to its relatively large bandgap. Our work has yielded several new achievements.
First, we show the capability to adjust dispersion by depositing ALD HfO, or Al,O3
cladding layers on top of SiN waveguide resonators. The ALD process shows no impact on
the waveguide loss, and therefore the quality (Q) factor remains unchanged. Second, we
demonstrate dispersion tailoring by adjusting the ALD thickness for both HfO, and Al,Os3;
this demonstration is in qualitative agreement with the finite-difference time-domain
(FDTD) simulation. This exhibits the flexibility of dispersion engineering. Third, for
the first time, the SiN waveguide dispersion can be tuned from normal to anomalous
by increasing the thickness of ALD Al,Os, thereby enabling the initiation of nonlinear
mechanism [2,4,6]. Last, we show a low-dispersive SiN waveguide with a GVD value
of approximately —12 ps/nm-km by cladding a 50 nm Al,Oj3 layer. This result suggests
the potential for meeting the low dispersion requirements of applications in conventional
linear photonics.

2. Dispersion Simulation

We first numerically simulated the waveguide dispersion and studied the effect of
the ALD thickness. Figure 1 shows the mode profiles and the corresponding waveguide
dispersion of the fundamental transverse electric (TE) mode based on the finite element
method (FEM, RSoft FemSIM) [21]. Considering air-cladded devices with various core
dimensions, as depicted in Figure 1b, it was observed that increasing waveguide heights
can cause the waveguide dispersion to transition from normal to zero dispersive regimes,
as previously observed in the literature [6-8]. Next, we compared the dispersion for the
air-cladded (without cladding) and ALD-cladded devices. The simulation was performed
for SiN waveguide resonators with a cross-section of 500 nm x 3 pm to avoid unwanted
strain-induced cracks from a thick film; a width of 3 um yields better Q factors of waveguide
resonators than a width of 2 um [12]. By adjusting the ALD thickness, we can identify that,
for both HfO; and Al,O3, thicker ALD films tailor the waveguide dispersion to less normal,
low-dispersion regimes. For HfO, cladding, the GVD was tuned from D = —151 ps/nm-km
for the air-cladded device to —92 ps/nm-km for a 50 nm HfO, cladding, while for Al,O3,
the GVD was tuned to —46 ps/nm-km for a 150 nm Al,O3 cladding. Since the waveguide
mode is mostly confined in the SiN core layer, it is less effective for dispersion tuning as the
ALD thickness is further increased. The GVD with a 250 nm Al,O3 cladding was limited to
around —35 ps/nm-km. However, we did not focus on the cladding thickness >100 nm
due to the time-consuming ALD process for a thick film. This trend observed in HfO, thin
films is consistent with that reported by Riemensberger et al. [16]; however, in the case of
AlyO3 thin films, the direction in which the waveguide dispersion is tuned is opposite to
that confirmed in a silicon strip waveguide [19].
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Figure 1. (a) Field profiles of the air-cladded and 50 nm ALD-cladded SiN waveguides with a cross-
section of 500 nm x 3 pm. Waveguide dispersion at around 1550 nm versus the thickness of (b) air
cladding, (c) HfO, ALD cladding, and (d) AlO3 ALD cladding.

3. Device Fabrication and Results
3.1. Device Fabrication and Dispersion Measurement

In fabrication, we first thermally grew a 2 um thick silicon oxide (S5iO,) layer on
4-inch silicon wafers by using a wet oxidation process (S]-CA1200-D4, SJ, Taiwan). A
500 nm SiN film was then deposited via low-pressure chemical vapor deposition (LPCVD,
S5J-10301001-1, SJ, Taiwan). After SiN deposition, an i-line (365 nm) stepper (FPA-3000i5+,
Canon, Tokyo, Japan) was used to pattern the waveguide resonators with a positive-tone
resist (Sumitomo PFI38). The devices were then dry-etched using a reactive-ion etching
tool (Advance Vacuum/ Vision 320, Plasma-Therm, St. Petersburg, FL, USA) with a gas
ratio CHF3:0; = 4:1 at 150 W RF power and a process pressure of 20 mTorr for 750 s. For
the ALD-cladded devices, both HfO, and Al,O3 were deposited by using an ALD reactor
(SUNALETM R-200, Picosun, Espoo, Finland) with deposit rate ~ 0.1 nm/cycle. The ALD
AlyO3 layer was processed with a gas ratio AI(CHj3)3:H,O = 1:1 at 250 °C, while the HfO,
layer was processed with a gas ratio TEMAH:H,O = 1:4 at 200 °C. Figure 2 shows the
fabrication process and the fabricated devices without and with the ALD cladding.
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Figure 2. (a) Schematics of fabrication processes and (b) images of the fabricated devices without
and with the ALD cladding.

The measured transmission spectrum of the exemplary, air-cladded waveguide res-
onator is shown in Figure 3. The inset shows the corresponding zoomed-in spectrum of the
cavity resonance. The waveguide resonator that was demonstrated here only exhibited res-
onance at the fundamental TE mode while the electric field was injected with polarization
parallel to the waveguide. The intrinsic quality factor (Q) is fitted at around 1.2 x 10°.
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Figure 3. The measured optical transmission spectrum of the air-cladded SiN waveguide resonator
and the zoomed-in spectrum (inset).

To characterize the waveguide dispersion, we adapted the measurement method
from multiple sources [6,14,22] by evaluating the evolution of the adjacent free-spectral-
range (FSR) of the waveguide resonator. The GVD of waveguide resonator results in
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Experimental setup

an FSR difference at various wavelengths, and the correspondence can be expressed as
follows [6,14,22]: ) IESR
ic

P= LEVRFSRS dm ™
where c¢ is the speed of light, R is the radius of the microresonator, m is the azimuthal
mode number, and A is the optical wavelength. Clearly, larger waveguide dispersion
contributes to larger FSR difference of the adjacent FSRs ( %). However, when measuring
a weakly-dispersed waveguide, it is necessary to use high-Q resonators and high-resolution
spectra to differentiate the evolution of FSRs. The scheme of the experimental setup is
shown in Figure 4. The transmission spectra from 1510 nm to 1590 nm were obtained by
using a tunable C-band laser (SANTEC TSL-550, Santec Corporation, Aichi, Japan) and a
digital oscilloscope with 100 Mpts memory depth (MSO5204, Rigol, Suzhou, China) for a
high-resolution spectrum. A fiber-based interferometry with a 30 m optical path difference
was used to generate interference fringes, resulting in a fringe periodicity ~ 6.89 MHz [14].
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Figure 4. Experimental setup for the dispersion measurement.

3.2. Results of ALD HfO, Cladding

To study the effect of HfO, thickness, we gradually increased the thickness of ALD
HfO, on the same device and measured the corresponding waveguide dispersion values.
Figure 5 shows the exemplary recorded transmission spectra for air-cladded, 20 nm, and
50 nm HfO, cladded devices. The insets show the exemplary zoomed-in spectra of the
interference fringes from the fiber-interferometry system. By extracting the respective
resonant frequencies, the evolution of FSRs and the measured waveguide dispersion are
shown in Figure 6 for air-cladded, 20 nm, and 50 nm HfO, claddings.
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Figure 6. Evolution of FSRs for (a) air-cladded, (b) 20 nm, and (c) 50 nm HfO, cladded devices.
(d) The measured waveguide dispersion versus the cladding thickness of HfO, cladding.

The measured waveguide dispersion shows that the GVD can be smoothly tuned,
ranging from D = —274 ps/nm-km (with air-cladding) to —246 ps/nm-km (with a 20 nm
HfO, cladding), and even down to —205 ps/nm-km (with a 50 nm HfO, cladding). This
qualitatively agrees with the FEM simulation, showing a trend toward zero dispersion as
the ALD cladding thickness increases. There is a persistent discrepancy (/2120 ps/nm-km)
that may be due to the varying material properties of the SiN waveguides or the cladding
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materials. We have identified here that the tuning range of up to 70 ps/nm-km can be
achieved with a 50 nm cladding thickness; furthermore, it should be emphasized that the
dispersion can be finely tuned within this range by accurately controlling the thickness of
ALD films.

3.3. Results of ALD Al,O3 Cladding

Next, we investigated the effect of ALD Al;O3 cladding. Another SiN waveguide
resonator was fabricated using the same fabrication process and layout for characteriza-
tion. Again, the thickness of ALD Al,O3; was gradually increased, and the corresponding
transmission spectra are shown in Figure 7. We can observe that cavity resonances with a
high extinction ratio can be realized for thickness of Al,O3 cladding up to 60 nm, which
results in close to critical coupling. This also implies that the ALD layer does not affect the
waveguide loss of the microresonators. By extracting the respective resonant frequencies,
the evolution of FSRs and the measured waveguide dispersion are shown in Figure 8
for air-cladded, 20 nm, 50 nm, and 60 nm Al,O3 claddings. The measured GVD was
tuned from —213 ps/nm-km (with air-cladding) to —114 ps/nm-km (with a 20 nm Al,O3
cladding), and even down to —12 ps/nm-km (with a 50 nm Al,O3 cladding), offering the
opportunity for realizing a low-dispersive waveguide. In addition, in order to achieve
anomalous dispersion for nonlinear applications [2,4,6], we further increased the thickness
of Al,Oj3 cladding to 60 nm, resulting in an anomalous GVD value of 46 ps/nm/km. This
identification in SiN waveguides demonstrates an opposite trend to that observed in a
silicon strip waveguide [19], in which the dispersion of a thicker ALD layer is tuned to less
anomalous dispersion regimes. It also represents the first experimental evidence of this
effect in a SiN waveguide, which opens up the potential for SiN-based nonlinear photonics.
Increasing the thickness of the Al,O3 cladding tailors the dispersion to the anomalous
dispersion regime, which agrees qualitatively with the simulated GVD, as indicated by the
orange dots in Figure 8. Additionally, we observe that ALD thickness control provides more
effective tuning capability than the theoretical one. This difference in tuning capability may
be attributed to difference in the material properties used in the simulation.
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Figure 7. Transmission spectra and interference fringes (orange lines) of the (a) air-cladded, (b) 20 nm,
(c) 50 nm, and (d) 60 nm ALD-cladded devices.
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Figure 8. Evolution of FSRs for (a) air-cladded, (b) 20 nm, (c) 50 nm, and (d) 60 nm Al,O3 cladded
devices. (e) The measured waveguide dispersion versus the cladding thickness of Al,O3 cladding.

4. Discussion

Here, we emphasize our findings on the effect of ALD layers on quality factors. As
mentioned previously, the ALD process has been found to have no significant impact on
the waveguide loss, as indicated by the unchanged extinction ratio of the resonances. To
further address this issue, the intrinsic Q factors were extracted from the measured spectra
around 1550 nm by fitting the individual resonances, and the coupling condition was
estimated by the drop-port geometry [23], showing under-coupling. The mode crossing
points with high-order modes were ignored to avoid local dispersion change. Figure 9
shows the fitted intrinsic Q factors for both ALD HfO, and Al,O5 claddings. Examining
the results of both layers shows that the intrinsic Q factors remain unchanged across the
various ALD thicknesses studied. The analysis reveals that there is only a <10% variation
within the standard deviation of the measurements. This suggests that the ALD process
has a negligible effect on the waveguide loss, and consequently, the Q factors.
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It is worth noting that the excellent step coverage of ALD films allows for precise
deposition in narrow gaps. Therefore, when using 60 nm ALD deposition to fill the adapted
400 nm gap between bus- and resonator-waveguides, it should not be completely filled.
Moreover, due to the effectively larger waveguide mode for a 60 nm ALD film, the loaded
Q is slightly decreased by a factor of approximately 1.2 when there is stronger coupling
between the bus- and resonator-waveguides.

Lastly, this technique can also be utilized to customize the waveguide dispersion locally.
This can be achieved by selectively covering the ALD with a lithography and lift-off process.
Since ALD allows deposition at low temperatures, even as low as 100-150 °C, it prevents
the outgassing and hard-baking of photoresist layers [24]. This makes it possible to use a
lift-off process to selectively form a covering of ALD layers without the need for an etching
process [24,25], preventing the potential damage to critical layers, such as the waveguide core.
This approach relieves the risk of causing surface roughness during the fabrication process.

5. Conclusions

In conclusion, our work sheds light on dispersion engineering of waveguide res-
onators through the use of various ALD layers and thicknesses. Both HfO, and Al;,O3
cladding layers offer precise control over the deposited thickness, providing a fine-tuning
capability for tailoring waveguide dispersion. Ultra-low dispersive SiN waveguide with
a GVD value ~ —12 ps/nm-km is demonstrated with a 50 nm Al,O3 cladding, while the
dispersion can be further tailored to the anomalous dispersion regime by a 60 nm Al,Os
cladding. Furthermore, the ALD cladding layers show negligible impact on the waveguide
loss and, therefore, the Q factors. This demonstration realizes the potential of SiN-based
waveguides for applications in both linear and nonlinear photonics.
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