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In this paper, an optimized design method for the on-chip microring resonator (MRR) that inte-
grates spot-size converters (SSCs) has been proposed and demonstrated. The tapered SSCs were
specially designed based on Bezier free-form curves to improve the quality factor O of the MRRs
and reduce their minimum bend radius. Two SSCs with lengths of 25 and 15 pum were designed
and employed to construct two MRRs. The two MRRs were subsequently manufactured and ex-
perimentally measured. The loaded quality factors of the two MRRs were measured to be 4.34 x 10
and 3.24 x 103, respectively. In comparison to a typical MRR with integrated 50 pm long linear ta-
pered SSCs with the same footprint, the proposed method resulted in a 2.3 and 1.7 times increase
in O, as well as a reduction in effective radii from 55 to 25 um and 15 pm, respectively. This work
effectively promotes the improvement of performance and miniaturization of MRRs with inte-
grated SSCs.
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1. Introduction

In recent years, there has been rapid development in photonic integrated circuits, mak-
ing it a highly promising technology. A crucial component of PICs is the microring
resonator (MRR), which is widely used in various fields, including external cavity la-
sers [1-3], sensors [4-10], optical communication [11-15], and optical computing [16,17].
To achieve optimal performance, MRRs are typically required to possess a high quality
factor Q and a large free spectral range (FSR). Additionally, a compact size is essential
for enhancing integration.
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A lot of methods have been proposed to improve the MRR for high Q and compact
size. Some of the approaches focus on improving the manufacturing processes. For in-
stance, the microdisk resonator has been demonstrated as a type of MRR that exhibits
both high O and compact size [18-20]. A microdisk resonator with a radius of 9 um was
measured to have a O of 9.2x10° [18], while another 1-mm-diameter microdisk res-
onator was reported to achieve a remarkably high Q of 1.94x 108 [19]. The etchless
process is another effective method for increasing the O of MRRs. This technique
utilizes a thermal oxidation process instead of traditional etching methods to generate
optical waveguides. By this way, the scattering loss caused by the sidewall roughness
ofthe optical waveguide can be reduced. Researchers have achieved the quality factors
as high as 5.1x10° [21] and 7.6 x 103 [22] using the etchless process, respectively. Ad-
ditionally, optimizing the base materials can significantly reduce the loss in optical
waveguides, thereby increasing the Q of an MRR. For example, a type of low-loss op-
tical waveguide, consisting of a core and cladding made from differently doped SiO,,
has been used to manufacture MRRs, achieving a O of 1.83 x10° [23]. Another study
demonstrated a tellurium oxide-clad silicon MRR with a high Q of 1.5x10% [24].
However, the aforementioned studies require specific improvements to manufacturing
processes or materials, making them incompatible with the CMOS processes and un-
suitable for mass production.

There have been studies aimed at improving the Q value of MRRs through design
optimization. This approach typically does not require any modifications to the stand-
ard processes offered by foundries, making it more conducive to the batch manufac-
turing of chips and cost reduction. Researchers have identified that the primary cause
of optical waveguide loss on chips is the roughness of the sidewalls [25-35]. Increasing
the width of the waveguide can improve the O value by reducing the interaction be-
tween the lightwave and the waveguide’s sidewalls. However, the conditions for the
existence of higher-order modes will be met in wider waveguides, which are referred
to as multimode waveguides (MMWs). While the use of MMWs can decrease propa-
gation loss, it may also lead to the excitation of higher-order modes, particularly in
bent MM Ws. The mode mismatch caused by MM Ws can enlarge the loss of the MRR.
Therefore, it is crucial to address the mode mismatch issue associated with MMW bends.
Some studies suppress the mode mismatch by employing special curves in the design
of waveguide bends. For instance, two MRRs with effective radii of 29 and 115 pm
were designed using Euler curves, achieving Q values of 1.3x10° and 9.4 x 10°, re-
spectively [29,34]. However, waveguide bends designed with special curves often
possess specific geometries and lack flexibility. A more versatile approach is to utilize
narrow single-mode waveguides (SMWs) at the bent sections of the MRR to suppress
mode mismatch. Concurrently, spot-size converters (SSCs) are used to connect the
bends to the wider MMWs. Using this method, one study achieved a O value of 2 x 10°
under critical coupling [26], while another study obtained a O value of 1.1x10° [27].
However, this method requires very long SSCs to avoid mode mismatches resulting from
spot-size conversions. Linear tapered waveguides are the most common type of SSCs.
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Linear tapered SSCs with lengths of up to 100 um were used in references [26] and [28],
which severely limited the miniaturization of MRR size and the improvement of the FSR.
In this paper, we present a novel type of SSC based on Bezier free-form curves to ad-
dress this problem. The MRRs with effective radii of 15 and 25 um are obtained using
the proposed method. Their O values are 3.24 x 10° and 4.34 x 10, respectively. Com-
pared to an MRR with the same footprint that integrates 50 um long linear tapered SSCs,
the proposed method increases the Q by approximately 2.3 and 1.7 times, while reduc-
ing their effective radii from 55 to 25 um and 15 pum, respectively.

2. Design and structure

The SSCs and MRRs were designed based on the standard complementary metal—ox-
ide—semiconductor (CMOS) compatible processes provided by wafer foundries. A sil-
icon-on-insulator (SOI) wafer with a 3 pm SiO, buried-oxide (BOX) layer and a 220 nm
top silicon layer was utilized as the base material due to its high refractive index dif-
ference. To accommodate a wide range of applications, the devices were designed for
operation with strip waveguides and the fundamental transverse electric (TE) mode.
The three-dimensional (3D) schematic of the SSC, along with the spot-size conversion
of the fundamental TE mode, is illustrated in Fig. 1.

Fig. 1. The 3D view of the designed SSC and the conversion of the fundamental TE mode’s spot size.

The Bezier curve is a significant type of mathematical curve that can be used to
plot curves with arbitrary changes in curvature. In that sense, the Bezier curve can be
regarded as a free-form curve. Consequently, Bezier curves are widely used in fields
such as mathematical analysis, computer graphics, and industrial design because of
their remarkable flexibility. The continuous nonlinear variation of the curvature and
width of on-chip waveguides can be realized by employing Bezier curve in the devices
design, which allows for extraordinary performance improvements in devices. In this
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paper, Bezier curves are used to design the geometry of SSCs. The path of a Bezier
curve is determined by a set of control points, which can be expressed as

P(t) = Zn: (Z)tk(l —oykp, 1)

k=0

where P, represents the coordinates of the control points and P(¢) denotes the coordinates
of the points along the curve. The parameter ¢ is an array that increases from 0 to 1 with
each element in ¢ determining the coordinates of a corresponding point on the curve.
Consequently, the number of elements in ¢ dictates the number of points that comprise
the Bezier curve. The parameter # indicates the order of the Bezier curve and the num-
ber of control points is equal to n+ 1. As n increases, the degrees of freedom of the
curve also increase, allowing for the design of more complex structures.

For this study, quartic Bezier curves are sufficient to provide the necessary degrees
of freedom for the design. The top view of the SSC’s geometry, defined by Bezier curves,
is shown in Fig. 2. The outline of the Bezier taper consists of two symmetrical curves in
the vertical direction, each adjusted by five control points. The coordinates of these
control points are determined by several parameters. The parameters L, By, B,, and B,
are utilized to calculate the x-coordinates of the control points. L represents the total
length of the SSC, while B, B,, and B, indicate the ratios of the x-coordinates of the
corresponding control points to L. Additionally, the parameters W, W,, and W, are
employed to modify the y-coordinates of the control points and are associated with the
widths at various positions of the device. W, and W, represent the widths of the two
ends of the SSC, which correspond to the widths of the SMW and MMW to which the
SSC is connected to, respectively. Therefore, the y-coordinates of points P, Pyg, Pya,
and Py, are setto W,/2,-W,/2, W,/2, and —W, /2, respectively. The four points P,
Py, Py, and Py are strategically placed to facilitate a smoother connection between
the SSC and the straight waveguides. The y-coordinates of these four points are set to
be the same as those of P, Py, P4, and Py, respectively. This alignment ensures
that the tangent direction of the Bezier curve at the endpoints is oriented toward the
x-axis, which is consistent with the contour lines of the straight waveguides. As aresult,
this configuration promotes a smoother transition between the SSC and the straight
waveguides, enabling more efficient lightwave propagation and thereby reducing losses.
Parameters B, and B, are set to 0.1 and 0.9, respectively, to maintain suitable distances
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Fig. 2. The structure of the tapered SSC defined by Bezier curves.
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for the four points from the two ends of the device along the x-axis. Parameter B is
set to 0.5 to position the x-coordinates of P, and Py, at the midpoint of the device,
allowing for adjustments to the overall geometry of the device by varying their y-co-
ordinates. The geometry of the Bezier taper is ultimately defined by the final param-
eter W, with the y-coordinates of P, and Py, set to W,/2, and —W,,/2, respectively.
Here, we summarize the coordinates of all the ten control points as follows:
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Using our proposed method, we designed two SSCs with waveguide width conver-
sions 0f 0.45 to 2.5 um and 0.45 to 1.6 pm, respectively. The width of the SMW ()
was set to 0.45 um due to its excellent single-mode maintenance properties. The widths
of the MMWs (W,) were set to 2.5 and 1.6 um, respectively, in order to demonstrate
the effectiveness of our method. We used a finite-difference time-domain (FDTD) algo-
rithm with non-uniform grid sizes provided by commercial software Lumerical to sim-
ulate the optical transmission in the devices and evaluate their performance. The mesh
accuracy was set to level 6 to achieve high-precision simulation results. The operation
wavelength was chosen as 1550 nm. The refractive index data for the materials were
directly sourced from the software database. A fundamental TE mode source was
launched at the SMW port, and its output at the MMW port was observed after prop-
agating through the device. Monitors were placed at the MMW port to detect the device’s
transmission and the excitation of high-order modes within the device. Based on our
evaluation, we determined the optimal lengths (L) of the two SSCs to be 20 and 10 pm,
respectively. The lengths were determined based on the shortest lengths of the SSCs de-
signed using our method, while ensuring their performance. The optimal structure of
the device was achieved by adjusting the parameter I¥,. As an example, Fig. 3(a) shows
how the fundamental mode transmission of the 0.45 to 1.6 um Bezier tapered SSC var-
ies with the parameter W},. It can be seen that the highest transmission of the funda-
mental mode occurs when W, is equal to 1.55 pm. Therefore, the device structure
determined by W, =1.55 um is optimal. We also calculated the fundamental mode
transmission of the device across the entire C-band. For comparison, we calculated the
fundamental mode transmissions of 0.45 to 1.6 um linear tapered SSCs with lengths
of 10 and 50 pm. The results are shown in Fig. 3(b). It is evident that the performance
of the designed Bezier tapered SSC is significantly better than that of the linear tapered
SSC with a length of 10 um, and is comparable to that of the linear taper with a length
of 50 um. Considering the error of simulation results and in order to be more intuitive,
Fig. 3(a) and (b) compare the simulation results using relative values. The 20 pm long
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Fig. 3. (a) The fundamental mode transmission of the 0.45 to 1.6 um Bezier tapered SSC varies with the
parameter . (b) The comparison of the fundamental mode transmission between the Bezier and linear
tapered SSCs within the C-band range. The mode excitation of the (c) 0.45 to 1.6 pm and (d) 0.45 to
2.5 pm Bezier tapered SSC during spot-size conversion within the C-band range. The insets show the field
distributions of the input and output of the fundamental mode, and a top view of the beam propagation
in the SSCs.

0.45 to 2.5 um Bezier tapered SSC was designed using the same method, and its W, was
determined to be 2.54. Figures 3(c) and (d) illustrate the mode excitation caused by
the two Bezier tapered SSCs within the C-band range during the spot-size conversion,
respectively. Due to the symmetry of the device structure, symmetric modes are more
easily excited. It can be observed that the excitation of high-order modes in the 0.45 to
1.6 um and 0.45 to 2.5 um Bezier tapered SSC remains below —40 dB and —30 dB, re-
spectively. The insets show the field distributions of the input and output of the fun-
damental mode, as well as a top view of the beam propagation in the SSCs. It is evident
that the fundamental mode is well maintained while propagating through the designed
devices.
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Fig. 4. The top view of the designed MRR. The inset shows the cross-section of the waveguides at the
light coupling position.

We utilized the specially designed SSCs to construct MRRs, as depicted in Fig. 4.
For comparison, we also constructed an MRR with 50 pm long 0.45 to 1.6 pm linear
tapered SSCs. The MRRs consist of bent SMWs, straight MM Ws, tapered SSCs, and
a directional coupler. A 0.45 um wide waveguide arc with a radius R of 5 um is used
as the single-mode waveguide bend. The effective radius R is defined as the minimum
bending radius of the ring, which, in this case, is the sum of the radius of the waveguide
arc and the length of the SSC. Therefore, the effective radii of the three MRRs are 25,
15,and 55 pum, respectively. The MM Ws, with widths of 1.6 and 2.5 pm, were selected
to match the SSCs. All three MRRs were adjusted to maintain the same circumference
of 743.4 um by altering the lengths of the MMWs. The inset in Fig. 4 illustrates the
cross-section of the directional coupler, which comprises a SMW arc and an adjacent
straight SMW. Both have a width of W}, and the spacing (Wg,,) between them can be
adjusted to control the transmission of the directional coupler. Here, W,, was set to
0.265 pm to achieve a transmission of approximately 0.6%, allowing the MRRs to op-
erate in an undercoupled state. Vertical grating couplers were used to realize the optical
coupling between the devices and optical fiber pigtails.

3. Fabrication and measurement

The designed MRRs were fabricated using the multi-project wafer (MPW) service
provided by the Institute of Microelectronics of Chinese Academy of Sciences. This
MPW service offers CMOS-compatible photonic chip manufacturing processes based
on standard SOI wafers with a 3 um BOX and 220 nm top silicon. The vertical grating
couplers were selected from the device library provided by the foundry, while the re-
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maining parts of the MRRs were constructed entirely from strip waveguides, requiring
only a full etching process.

A system was established for device testing, including a light source, an optical
power meter, and other equipment. A C-band tunable laser (Thorlabs TLX1) served as
the light source and was connected to the device’s input port. An optical power meter
(Newport 918D) was used to measure the optical power at the device’s output port.
The light beam was transmitted between the chip and the light source and detector
using polarization-maintaining fibers, and they were aligned with high-precision op-
tical stages. The O values and FSRs of the three MRRs were measured near the wave-
length of 1550 nm using the testing system, with the results presented in Fig. 5.
The data for the resonant peaks shown in the figure represent the best results obtained
from multiple measurements. The FWHM of the resonance curve was determined by
fitting the test data to a Lorentzian curve. The FWHMs of the MRRs with 0.45 to 2.5 pm
Bezier tapered SSCs, 0.45 to 1.6 um Bezier tapered SSCs, and 0.45 to 1.6 um linear
tapered SSCs were measured to be 3.57, 4.79, and 8.18 pm, respectively. Their loaded
quality factors were calculated using the formula Q) ,4 = A/FWHM, resulting in values
of 4.34x10%, 3.24x10° and 1.89x 10, respectively. Since all three MRRs have the
same circumference, their measured FSRs were all around 0.85 nm. It should be noted
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Fig. 5. The measured resonance peaks and their fitted Lorentzian curves of the MRRs with (a) 0.45 to
2.5 um Bezier tapered SSCs, (b) 0.45 to 1.6 pm Bezier tapered SSCs, and (¢) 0.45 to 1.6 um linear ta-
pered SSCs. The measured FSRs of the MRRs with (d) 0.45 to 2.5 um Bezier tapered SSCs, (e) 0.45 to
1.6 um Bezier tapered SSCs, and (f) 0.45 to 1.6 pm linear tapered SSCs.
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that the resonance depth of the MRRs designed using this method was greater than that
of the MRRs with linear tapered SCCs under the same operating conditions, further
demonstrating the effectiveness of this method in reducing MRR loss.

4. Conclusion

In this paper, we propose a design method for SSCs based on Bezier free-form curves
and apply the designed SSCs to MRRs. Our method results in significantly more com-
pact SSCs compared to conventional linear tapered SSCs. This advancement also leads
to a reduction in the effective radius of MRRs. Specifically, our method reduces the
effective radii of MRRs from 55 to 25 pum and 15 pm, while simultaneously increasing
their QO factors by 2.3 and 1.7 times, respectively. This method has greatly advanced
the performance improvement of the high-QO MRRs with integrated SSCs, enhancing
their applicability across various fields.
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