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Abstract: In this paper we design, simulate, and analyze single-mode microring resonators in thin
films of z-cut lithium tantalate. They operate at wavelengths that are approximately equal to 1.55 pum.
The single-mode conditions and transmission losses of lithium tantalate waveguides are simulated
for different geometric parameters and silica thicknesses. An analysis is presented on the quality
factor and free spectral range of the microring resonators in lithium tantalate at contrasting radii and
gap sizes. The electro-optical modulation performance is analyzed for microring resonators with a
radius of 20 um. Since they have important practical applications, the filtering characteristics of the
microring resonators that contain two straight waveguides are analyzed. This work enhances the
knowledge of lithium tantalate microring structures and offers guidance on the salient parameters
for the fabrication of highly efficient multifunctional photonic integrated devices, such as tunable
filters and modulators.

Keywords: microring resonator; varFDTD; lithium tantalate thin film; electro-optical devices

1. Introduction

An essential component in the construction of high-density photonic integrated cir-
cuits is an optical microring resonator. This is due to its compact size, simple structure and
outstanding wavelength-selective properties [1-3]. Such a component consists of a bus
waveguide that couples to a micrometer-size ring resonator via an evanescent field. The
characteristic frequency spectrum of the microring, which is dependent upon its size, is a
defining factor in the transmission of a selected wavelength of light into another waveg-
uide. The microring resonators are widely employed in the design and manufacture of
optical filters [4-6], modulators [7,8], optical switches [9,10], optical delay lines [11], and
Kerr frequency combs [12-15], etc. Multiple material systems have been used to fabricate
microring resonators, such as silicon on insulator (SOI) [1,16-18], silicon nitride (SiN) [5,19],
and lithium niobate on insulator (LNOI) [20-23].

As a material in microring resonators, lithium tantalate (LiTaO3 or simply LT) crys-
tals have much promise because of their superior electro-optical (EO, 33 = 27.4 pm/V),
nonlinear optical, ferroelectric, and piezoelectric properties [24-28]. Moreover, compared
with LiNbOs, LT crystals have a higher optical damage threshold (with a laser radiation
induced damage of 240 MW/ cm?) [29]. This enables the crystal to be used in integrated
photonic chips, especially in high input power fields, such as broadband electro-optic
frequency comb generation. In fact, LT crystals are already widely employed in integrated
photonics and surface acoustic wave (SAW) devices [26-29]. In recent years, lithium tan-
talate on insulator (LTOI) is increasingly favored as the material of choice for integrated
electro-optic and SAW devices [30-32]. This is because of its high-index contrast—which
leads to a robust light guidance and a high-performance integrated device with a small
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footprint—that is particularly suitable for microring resonators. Due to formation of a
high refractive index contrast between the ring core and the surrounding materials, a small
radius microring and a large free spectral range (FSR) are possible. LTOI also offers the
opportunity of electronically controlling the transmission spectrum, via the efficient EO
effects of LT crystals that can enable extreme compactness and ultra-fast switching and
modulation. Moreover, the integration of lithium tantalate thin films onto silicon substrates
enables LTOI to be compatible with a complementary metal-oxide-semiconductor (CMOS);
this could lead to significantly decreased research costs and an extensive increase in pro-
duction [30]. However, to our knowledge, microring resonators in LTOI have not been
reported elsewhere in the literature.

In this paper, we present the design, simulation and analysis of a single-mode mi-
croring resonator that is based on LTOL By use of a full-vectorial finite difference method,
we offer a study of the single-mode conditions and transmission losses of LT waveguides
that contains different geometric parameters and SiO, cladding layer thicknesses. In order
to obtain improved wavelength filtering effects, both the radius of the microring (R) and
the size of the gap between the ring and linear waveguides have optimized values in
the 2.5-dimension variational finite-difference time-domain (varFDTD) using Lumerical’s
MODE solutions software. Such parameters have direct effects on the quality factor (known
as the Q factor) and FSR. The electro-optic modulated microring resonators, which are
significant in practical applications, are also described.

2. Device Description

From top to bottom, the LTOI presented in this work contains a z-cut LT thin film,
a SiO; cladding layer, and a Si substrate. The research center of NANOLN Corporation,
for example, could easily perform such a fabrication. The schematic for this microring
resonator is shown in Figure 1. The optical device consists of a ring resonator coupled to
a straight waveguide channel, both of which are made from the z-cut LT thin film. If the
optical signal is resonant within the ring, a coupling occurs from the channel into the cavity.
To calculate the single-mode conditions, and the propagation losses of the LT waveguides,
a full-vectorial finite-difference method is employed. Computation of the Q factor and FSR
of the simulation is achieved with a varFDTD method that uses perfectly matched layers
(PML) boundary conditions [33]. The varFDTD is the direct space and the time solution for
solving Maxwell’s equations in complex geometrical shapes. It is based on collapsing a 3D
geometry into a 2D effective indices set, which allows 2D FDTD to be used to solve this
problem. By performing Fourier transforms, results such as normalized transmission, far
field projection, and Poynting vector can be obtained [23].

LT microring

Top electrode
SiO, lay
Top clectrode = A0, Iayer
y Bottom electrode
& w Si substrate
SiO, layer %, _________________
T
LT wavceguide

Bottom electrode

Figure 1. Schematic showing the waveguide-coupled microring resonator on LTOL Inset: cross-
section of the LT waveguide structure.
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3. Results and Discussion

To prevent signal distortion during the transmission, single-mode conditions within
the waveguide are required. To achieve this necessity, a suitable waveguide thickness (h)
and width (w) are needed. The refractive indexes for the LiTaO3, the SiO2 cladding layer,
and the Si substrate at the simulation wavelength of 1.55 um are shown in Table 1. As
shown in Figure 2a, via a simulation we determine the curve of the effective refractive index
on changing the waveguide thickness (using a waveguide width of 0.7 um and operating
at the wavelength A = 1.55 um). The single-mode conditions of the transverse electric (TE)
and transverse magnetic (TM) modes are 0.77 um and 0.78 pum, respectively. The thickness
of the LT film is set to 0.5 um to ensure the single-mode condition in the simulation.

Table 1. The refractive indexes for LiTaOj3, SiO;, and Si at A = 1.55 um.

Material LiTaOj3 SiO, Si
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Figure 2. Graphs showing the effective index of the TE and TM light modes as a function of (a) the film thickness with a
waveguide width of 0.7 pm and (b) the waveguide width with a film thickness of 0.5 um in the LT waveguide. Both are

calculated at A = 1.55 um.

In addition, the waveguide width also needs to be optimized. On setting the waveg-
uide thickness to its optimal value of 0.5 um, we calculate the effective refractive index
as a function of the LT ridge waveguide width—as shown in Figure 2b. For the LT ridge
waveguide, the first order TE and TM modes first appear for the LT thicknesses at 0.92 um
and 0.97 um, respectively. To guarantee the single-mode condition, a waveguide width of
0.7 pm is chosen. This is because only the TM modes can employ the coefficient 33 in a
z-cut LT crystal, the TM modes are calculated in the following calculation.

Since the thickness of the SiO; layer (T) affects the transmission losses of the LT
waveguides, we simulate these losses for different layer thicknesses. The results are
illustrated in Figure 3. They show that the transmission losses decrease with increasing
thickness of the SiO, layer. The Au films in the LT-SiO;-Au structure are used as the
electrodes in the electro-optic modulator. At the same thickness of the SiO, layer, the
losses for a LT-SiO,-Au structure (when the Au film thickness is 0.3 um) are less than
those of LT-S5i0,-5Si. This is because electromagnetic fields are more likely to leak into
the Si substrate (during the light propagation) since the refractive index of silicon (ng;) is
the highest among the relevant materials. Therefore, inclusion of the gold film enables
greater isolation of the fields from the surroundings and, thus, the leakage of light is more
preventable. In addition, the waveguide light mode has contact with the Au films during
its propagation, which enables the excitation of the surface plasmons, and increases the
absorption losses. But in comparison to the leakage loss, the absorption loss is much lower.



Crystals 2021, 11, 480

40f9

16,000
14,000
12,000
10,000

8,000

Q-Factor

6,000
4,000
2,000

0

When the thickness of the SiO; layer is greater than 2 um, the losses from the LT waveguide
are negligible. Therefore, the optimal value for the SiO; layer thickness is set at 2 um.
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Figure 3. Graph showing the transmission loss of the LT waveguides with different thicknesses of
the SiO, layer for TM light mode.

For our purposes, the key parameters of the optical device are the radius of the
microring and the gap between the ring and linear waveguides. These factors are used to
determine the Q factor and FSR of the microring resonators. We calculate these parameters
for differing microring radii and gap sizes, while operating at around A = 1.55 um. As
shown in Figure 4a, when the microring radius is lower than 10 pm, the Q factor becomes
rapidly enhanced with increasing radius size. However, the Q factor value is essentially
unchanged when the radius is greater than 20 um. The Q factor is increased with larger
gaps. The propagation losses of the microrings are caused by the following factors: (1) the
electromagnetic fields leak into the Si substrate when the light propagates through the
resonators (but lower than 2.5 x 1072 dB/cm with a SiO, layer thickness of 2 um), and
(2) the radiative losses within the curved waveguide (which is roughly 8 x 1072 dB/cm
with a bending radius of 20 um). Additionally, in practice, the structures will contain a
residual roughness for the etching surface of the waveguide which causes scattering losses.
When the radius is greater than 20 pm, the Q-factor may decrease as the radius increases
due to the existence of scattering loss. As shown in Figure 4b, the FSR for TM mode reach
a maximum at a radius of 5 um and then it decreases with increasing ring radius. Figure 5
shows the transmission spectrum of a microring with a radius of 20 um for the TM mode.
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Figure 4. Graphs for (a) the Q-factor of the microring resonators at different ring radii and gap sizes and (b) the FSR at
different microring radii for a TM light mode at around A = 1.55 pm.



Crystals 2021, 11, 480

50f9

TN

04| ,

0.2 - 1

Normalized Optical Transmission

0.0 SENTEE S ‘
1.53 1.54 1.55 1.56 1.57

Wavelength (pm)

Figure 5. Transmission spectrum of the microring with radius 20 um for TM light mode.

The characterization of the electronic tuning of the optical resonances in the microring
resonators is determined using optical transmission simulations. As we have seen, the
schematic of the electrode structure for the microring resonator is shown in Figure 1.
This depicts an LT microring resonator that is embedded within a SiO; layer, with the
electrodes positioned either side (above and below) the SiO, layer. The tuning range for
the microring resonators is highly dependent upon the strength of the EO effects. The
result of a simulation for the optical field is shown in Figure 6. Here, the LT waveguide
has a thickness of 0.5 pm, a width of 0.7 um, and a SiO, layer thickness of 2 um. As seen
in Figure 6, most of the optical power (TM mode) is confined within the electro-optic
active material, i.e., the LT core. Electrodes can be designed, and positioned close to the
waveguides, that circumvent substantially larger optical transmission losses.

1.0
Air
Top electrode 0.8

SiO, layer

—

Bottom electrode

Si substrate
0

Figure 6. Diagram showing the optical field inside the waveguide.

The variation of extraordinary refractive index of LT (An,) after application of an
electrostatic field is expressed as:

Ane = _%”2733Ez @
where 7, is the extraordinary refractive index of LT. When the electrostatic field intensity,
E.,is 1 V/um, the variation in the refractive index at A = 1.55 um is An, = 1.3 x 1074

Observation of the EO effect requires an electric field to be applied between the
electrodes. Figure 7 shows the EO modulation characteristic spectra at different DC
voltages (using a TM mode) for such a situation. A greater resonance wavelength shift
is exhibited for increasing electric field strengths. In detail, the resonance wavelength
displacement is 80 pm, 160 pm, 240 pm, and 320 pm when the electric field intensity is set
at1V/um,2V/um, 3 V/um, and 4 V/um, respectively.
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Figure 7. Graph showing the wavelength shift of the transmission spectrum at different electric field
intensities. In this case, a TM mode and a microring with a 20 um radius are used.

Tunable filtering is an important application for the LT microring because it is an
attractive candidate for a narrower bandwidth integrated optical filter for the wavelength
division multiplexing (WDM) systems. Figure 8 shows the transmission spectra for the
drop port of the LT microring filters, at different electric field intensities, with a double
straight waveguide structure. The structure of the microring filter is shown in the inset of
Figure 8. The resonance wavelength shift is 320 pm in an electric field intensity of 4 V/pm.
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Figure 8. Graph showing the transmission spectra for the drop port of the LT microring at different
electric field intensities.

Figure 9 shows the electrostatic field strength when a voltage of 1V is applied to the
electrodes. As we can see, the attainable electric field in the LT film is relatively weak;
this is because the adjacent cladding materials exhibit a dielectric constant, ¢, that is one
order of magnitude smaller, i.e., esio2 = 3.9 and ;1 = 42.8 [34]. Hence, the electric field
strength in the LT thin film is significantly smaller than the SiO; layer. The electrostatic field
intensity in the z-direction (E) is 0.033 V/um when close to the center of the waveguide, for
cases when a voltage of 1V is applied to the electrodes (for which & = 0.5 pm, w = 0.7 pum,
and T = 2 um). The problem of the relatively small E; field in the LT waveguides can be
improved by changing the geometry of the electrodes or by using a x- or y-cut configuration.
For example, using an incompletely etched waveguide structure (leaving a certain thickness
of slab across the chip) on the x- or y-cut LTOI enables a relatively strong electric field
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strength in the LT waveguide [35,36]. However, compared with the microrings on the z-cut
LTO], the microrings on the x- or y-cut LTOI can apply an electric field to only part of
the microring, so the length of the effective electro-optic modulation is shorter [15,35,36].
Assuming that there is a uniform electric field in the waveguide, and the electric field
strength is equal to that at the center of the waveguide. The EO tunability of LTOI microring
is about 2.6 pm/V in this work. Table 2 reports the comparison of the results of different
types for LiNbOj3; and LiTaO3 tunable microrings. As we can infer from this table, LTOI
photonics provides a promising approach for tunable microring resonators. The geometry
of the electrodes, and the cavity-photon lifetime of the resonator, will affect the modulation
rate of the microring [35,37,38]. Electrode design is especially crucial for modulators,
especially for high bit rate modulation formats. For example, a top electrode with a ring
structure can achieve a relatively high modulation rate [37]. A further study of the influence
of the electrode geometry on the modulation rate will be provided in future work.

x10° V/m
h=0.5 pm, w=0.7 um, T=2 um 3

LT waveguide &
SiO, layer

Bottom electrode

Si substrate

Figure 9. Diagram showing the electrostatic field strength when a voltage is applied to the electrodes.

Table 2. Comparison between the different types of LiNbO3 and LiTaO3 tunable microrings.

Material Mode EO Tuning (pm/V) Ref
x-cut LNOI TE 2.4 [15]
x-cut LNOI TE 7 [35]
y-cut LNOI TE 0.32 [36]
z-cut LNOI ™ 3 [39]
z-cut LNOI ™ 1.05 [20]
z-cut LNOI ™ 2.15 [40]
z-cut LTOI ™ 2.6 This work

4. Conclusions

In this paper we design, simulate, and analyze a single-mode microring resonator
that is based on LTOI The waveguide width and the LT film thickness are optimized to
ensure single-mode conditions. The propagation losses of the LT waveguides at different
SiO, layer thickness are analyzed and discussed. The effects on the Q factor and the
FSR that arise due a change in the ring radius and the gap size between the ring and
linear waveguides are quantified and then discussed. It is also determined that the Q
factor increases when the ring radius increases, the Q factor stabilizes when the radius is
greater than 20 um, and FSR decreases with increasing radius. We simulate and discuss
the electro-optic tunable microring resonator, which is a highly significant topic because
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of its practical applications. For example, an EO modulation spectrum of the microring
(with a gap = 0.4 pm and a radius = 20 um) is produced that is displaced by 80 pm when
an electric field intensity of 1 V/um is applied. We expect that our results and analysis will
provide useful guidance to laboratory works on microring resonator in LTOL
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