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Abstract: In this paper, we report the generation of an ultra-sharp asymmetric resonance
spectrum through Fano-like interference. This generation is accomplished by weakly coupling
a high-quality factor (Q factor) Fabry—Pérot (FP) cavity and a low-Q factor FP cavity through
evanescent waves. The high-Q FP cavity is formed by Sagnac loop mirrors, whilst the low-Q
one is built by partially transmitting Sagnac loop reflectors. The working principle has been
analytically established and numerically modelled by using temporal coupled-mode-theory
(CMT), and verified using a prototype device fabricated on the 340 nm silicon-on-insulator
(SOI) platform, patterned by deep ultraviolet (DUV) lithography. Pronounced asymmetric
resonances with slopes up to 0.77 dB/pm have been successfully measured, which, to the best
of our knowledge, is higher than the results reported in state-of-the-art devices in on-chip
integrated Si photonic studies. The established theoretical analysis method can provide
excellent design guidelines for devices with Fano-like resonances. The design principle can be
applied to ultra-sensitive sensing, ultra-high extinction ratio switching, and more applications.
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1. Introduction

Fano resonance is a phenomenon describing resonant scattering, involving interference
between a discrete quantum state and a continuum state [1,2], which results in asymmetric
resonances. In photonics, an optical resonance with a complex eigenfrequency can be
considered as a quasi-discrete state. In recent years, Fano-like resonances in Si photonic devices
are widely studied [3-5] mainly due to their desirable feature of sharp resonance spectrum,
which can enhance optical transduction, switching, modulation, signal processing, optical
nonreciprocity, etc [6-10]. There have been many studies of Fano-like resonance in Si
photonics using configurations including a cavity and a partially-transmitting-element (PTE)
coupled systems [8-12], ring and Mach—Zehnder interferometer (MZI) coupled systems
[13,14], 2D photonic crystal cavities or coupled 2D photonic crystal cavities [6,15], etc. Many
of these studies require high resolution patterning techniques, for example, electron-beam
lithography to pattern photonic crystals, which inhibits the commercialisation of these devices.
The feasibility of CMOS fabrication tools, especially DUV lithography, for fabricating
photonic integrated circuits has already been proved [16-18]. Thus, it is highly desirable to
demonstrate the fabrication of devices with Fano-like resonances using CMOS compatible
processes, namely DUV lithography, to enable these devices to be fabricated in silicon
photonics foundries. In addition, although the guidelines to design devices with Fano-like
resonances are highly desirable, they are not sufficient in the published studies.

In this paper, we investigate a Fano-like resonance generation mechanism with ultra-sharp
resonance line shape based on on-chip integrated silicon photonic devices, in which a high-Q
cavity and a low-Q cavity are weakly coupled together through evanescent waves. The high-Q
cavity here serves as a discrete-like state, whilst the low-Q cavity serves as a continuum-like
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level. Similar mechanisms can be used to design devices with electromagnetic-induced-
transparency-like (EIT-like) characteristic [19]. The two cavities are designed to be weakly
coupled to introduce Fano-like interference, instead of mode splitting if they are strongly
coupled. The authors utilize temporal CMT to guide the device design and discuss the weak
coupling effect on the Fano-like phenomenon, which is scarcely discussed in the literature. The
experimental results also successfully verify the theories; a slope of 0.77 dB/pm is realized, and
the sharp slope covers a range of 23 pm with an extinction ratio of 16.45 dB. In addition, a
maximum transmission change of 22.3 dB over 54 pm wavelength detuning is obtained. To the
best knowledge of the authors, this paper reports a higher slope of a Fano-like resonance line
shape based on integrated Si photonic devices than results from other studies, for example, a
transmission variation of 17 dB over 56 pm wavelength detuning in [11] or a transmission
variation of 8.5 dB over 22 pm wavelength shift in [7]. Additionally, the prototype device is
patterned by DUV lithography only using a 248 nm Nikon S240 Scanner with a resolution of
approximately 200 nm. For the context of the paper, theoretical analysis, numerical modeling
and experimental results will be presented subsequently.

2. Theoretical analysis, numerical modeling, and device design

Figure 1 shows the schematic of the prototype device studied in this paper. A high-Q cavity
and a low-Q cavity are coupled together with a coupling coefficient of x. The low-Q cavity is
connected with input and output feeding waveguides, and 1/zc denotes the decay rate of the
low-Q cavity due to waveguide coupling. a; and a; denote mode amplitude of the low-Q and
high-Q cavities, with a natural resonant frequency of w1 and w», and total loss of 1/z1 and 1/z,
respectively. Thus a; = Ai-exp[(i-wi - V)], i =1, 2.

Tc Tc
' ~~
Low-Q
? i ?
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Fig. 1. Schematic of the low-Q cavity and high-Q cavity coupled configuration.

Then, the coupled-mode equations describing the coupled cavities can be written as [20,21]:
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When z* > %(Ai)2 —%(Aw)2 , the two cavities are strongly coupled, which can cause mode
T[

splitting, whilst when s%(Ai)2 —%(Aa))z, the two cavities are weakly coupled, which
TI

may introduce Fano-like interference [20-23]. However, near the transition point (, when

1,1 1 . . . o
W= Z(A —)? —Z(Aa))2 ) the resonance line shape is also asymmetric even if it is at the strong
rt

coupling situation as defined above. Thus, fairly speaking, typical mode splitting phenomena

usually happen when the cavities are ultra-strongly coupled ( z* >> %(AE)2 —%(Aw)2 ). The
TI

scattering matrix method is mostly used in related studies, but it is not suitable to intuitively
explicate the coupling effect on the formation of Fano-like resonance. The authors believe that
temporal CMT is a better method to assist device design to have Fano-like resonance. The
discussion about the effect of coupling type (strong or weak coupling) on the generation of
Fano-like resonance using temporal CMT in this paper fills the gap in the lack of such details
among other literature.

Now we further consider the input and output of the system. s; and s; denote incident and
transmitted waveguide mode amplitude and si = Sie”’. The coupled mode equations can be
written as [20]

d . 1 1 1
d—alz(l-wl————)aﬁuaﬁ\FSu ®)
t Thn T T
d . 1

i2

where 1/zi; and 1/zi; denote the intrinsic loss of the two cavities.
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Fig. 2. (a) Schematic of the prototype device. (b) Schematic of the high-Q cavity device to be
integrated in the prototype device. (c) Schematic of the device used to measure the reflection
ratio of the PTE, which is used to form the low-Q cavity.
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Figure 2(a) illustrates the prototype device configuration. The lower cavity is designed to
be a high-Q FP cavity formed by two mirrors, each of which consists of a 1 x 2 multimode
interferometer (MMI) and a Sagnac loop [24]. The MMI has an even power splitting ratio. The
upper cavity is designed to be a low-Q FP cavity formed by two PTEs, each of which consists
of a directional coupler and a Sagnac loop.

By manipulating the coupling strength of the directional coupler, the power splitting ratio
can be controlled and thus the reflection and transmission coefficient of the PTE can be
controlled. To be specific, assuming that the transmission and coupling coefficient of the
directional coupler is t and k (t? + k? = 1), the amplitude transmission coefficient and reflection
coefficient of the PTE can be solved as t> — k? and —2itk respectively using scattering matrix
method [24,25]. Note that when t?> = k? = 0.5, the PTE becomes a mirror. Also note that the Q
factor of a FP cavity is proportional to sqrt(r)/(1-r), where r is the reflection coefficient of its
constituent reflectors. Consequently, by designing the coupling coefficient of the directional
coupler, the Q factor of the low-Q cavity can be controlled. Figure 2(b) shows the schematic of
the bare high-Q cavity, whilst Fig. 2(c) describes a device configuration to measure the
reflection ratio of the PTE. These two devices schematised in Figs. 2(b) and 2(c) are also
fabricated and measured in experiments to characterize the performance of the high-Q cavity
and the PTE to be integrated in the proposed device with Fano-like resonances.

In the prototype device, the low-Q factor cavity has PTEs with low reflection coefficient.

Thus, the loss due to waveguide coupling of the low-Q cavity dominates its total loss (1/zc >

1/zi1 and thus 1/zc + 1/zi1 =1/zc). The normalized amplitude transmission (t = s/si) of the device
can be solved from Eqgs. (5) and (6) as

. . o
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where Q¢ = wt/2 and Q2 = wati2/2; Q¢ and Q2 denote the total Q factor of the low-Q and high-
Q cavities, respectively. Several typical power transmission (T = [t/?) results obtained from Eq.
(7) are plotted in Fig. 3, from which experimental results can be predicted. Figures 3(a)-3(c)
denote weak coupling cases, in which the Q factor difference of the two cavities is designed to
be sufficiently large. When w2 = 0.7w1 and w2 = 1.3w1, the results are plotted in Figs. 3(a) and
3(c), indicating the typical Fano-like resonance line shape with opposite symmetry. If w; = w1,
it is a special case of Fano-like interference, that is, EIT-like phenomenon, as shown in Fig.
3(b). When the two cavities are strongly coupled, mode splitting will happen instead of Fano-
like interference as shown in Fig. 3(d), in which w2 = w1 and the two cavities have the same Q
factor value.

Besides the prediction of Fano-like resonances, Eq. (7) can also be used to analyze the
device parameters’ effect on the resonance performance. Here the authors utilize parameters
derived from the fabricated devices to predict the resonance performance. A typical resonance
is plotted as the orange curve in Fig. 3(e). According to the discussion above, the Q factor of
the low-Q cavity (Qc) can be easily designed. It is found using Eqg. (7) that a higher Q. results
in a sharper resonance slope and a higher maximum extinction ratio. For example, the pink
transmission curve in Fig. 3(e), which is predicted from a device with a higher Q. relative to
the orange curve, has a larger slope and a higher maximum extinction ratio. It is also found that
a higher value of x (within a small range) has a similar effect as a higher Q.. However, it can
lead to strong coupling and mode splitting if the value of x or Qc is so high that the weak
coupling condition is broken. These numerical results and discussion can serve as excellent
design guidelines for devices with Fano-like resonances, which is missing in other literatures.

t:

()



Research Article Vol. 27, No. 5 | 4 Mar 2019 | OPTICS EXPRESS 7369 I

Optics EXPRESS N Y

Generally speaking, a higher Q factor always makes a resonator’s resonance slope sharper.
However, in practice the Q factor of a resonator is limited because of fabrication tolerance,
device roughness, material absorption and more. Thus, it is prudent to investigate how to
enhance a resonance slope with a limited Q factor using for example, Fano-like resonances.
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Fig. 3. Plotted power transmission results obtained from Eq. (7) for weak coupling cases with
(@) w2 = 0.7w4, (b) w2 = w1 and () w, = 1.3w4, and for (d) strong coupling case with w; = w;.
The transmission spectra are normalized to incident power. (e) Transmission results predicted
using Eq. (7) with parameters derived from the fabricated devices. The pink curve denotes a
transmission spectrum predicted with a higher Q. relative to the orange curve. 1, denote the
resonance wavelength of the two cavities.

3. Experimental results and discussion

The devices studied in this paper are illustrated in Fig. 4, which are fabricated on the 340 nm
SOl platform. Figure 4(a) shows the prototype device (device A). The device (device B) in Fig.
4(b) is the bare high-Q cavity to be integrated in the prototype device, the schematic of which
is given in Fig. 2(b). The PTE reflection coefficient is measured using device C in Fig. 4(c), the
schematic of which is given in Fig. 2(c). These devices are mainly based on strip single mode
waveguide having a width of 420 nm. The Sagnac loops are designed to have large diameters
to reduce intrinsic loss; the MMIs are designed to work at 1550 nm. Some key dimensions of
the loops and the MMIs are annotated in Fig. 4(a). The light input and output are realized
through free-space coupling between optical fibers and on-chip grating couplers.
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Fig. 4. Optical microscope images of the devices tested in this study. (a) The prototype device.
(b) The high-Q cavity device to be integrated in the prototype device. (c) The device used to
measure the reflection ratio of the PTE.

In experiments, the transmission spectrum of device B is plotted in Fig. 5(a). The measured
Q factors of the resonances are approximately 13000. As to device C, the spectra measured at
channel C; and Cs are given in Fig. 5(b) and the reflection coefficient can be calculated as
2C3/(C, + 2C3)). However, as can be seen, there are ripples on the spectrum of Cs, which is
caused by the interference between the reflection from the 2 x 1 MMI and the reflection from
the PTE. The interference forms unbalanced Mach-Zehnder-Interferometer-like (MZI-like)
resonances and the corresponding optical path is annotated in Fig. 4(c). (It is verified using 3D
finite-difference time-domain (FDTD) simulation that when light is launched into the 2 x 1
MMI from the upper input ports, a considerable amount of light can be collected from the lower
input port.) Thus, the spectrum of Cz can be processed by analyzing the extinction ratio and
free-spectral-range (FSR) of the ripples. We process the spectra of both C, and Cs by low pass
filtering, the results of which are shown as the dashed curves in Fig. 5(b). The PTE reflection
coefficient is calculated to be 0.35 at 1552 nm. The extinction ratio and the FSR of the ripples
can be theoretically calculated and the results match the measured spectrum of Cs.

Next, a spectrum of the prototype device is given in Fig. 5(c), in which Fano-like resonances
with different symmetries and EIT-like resonance can be observed. To link the experimental
results with the theoretical analysis, the resonances of the low-Q cavity are also marked. As can
be seen, when 2, < 1 the symmetry of the Fano-like resonance (marked as green) resembles
that in Fig. 2(a), whilst when 1, > 2, the symmetry of the Fano-like resonance (marked as red)
resembles that in Fig. 2(c). If A2 ~A1, an EIT-like resonance (marked as blue) is observed
resembling the spectrum in Fig. 2(b). (4 denotes resonant wavelength.) Note that the high-Q
cavity has a smaller FSR. A Fano-like resonance is selected and re-plotted in Fig. 5(d). Using
this resonance, a maximum intensity extinction ratio of 22.3 dB can be achieved with a
wavelength detuning of just 54 pm as marked on the curve. By fitting the sharp line shape of
this Fano-like resonance, the maximum slope can be obtained as high as 0.77 dB/pm, depicted
as the red dashed line in Fig. 5(d). The fitting range covers an extinction ratio of 16.45 dB over
23 pm. The performance of the device in this study can be enhanced by optimizing the MMI
design.

Finally, the effect of the Q factor of the low-Q cavity (Qc) on the resonance performance is
examined. In experiments, two devices are tested, one with an estimated Q. of 170 and the other
one with an estimated Q. of 450. Fifteen Fano-like resonances within the wavelength range
from 1545 nm to 1560 nm are measured on the two devices. The maximum slope values and
the maximum extinction ratio values are averaged and plotted as the bars in Figs. 5(¢) and 5(f).
Figure 5(e) presents the results of the averaged maximum slope of both devices, whilst Fig. 5(f)
presents the results of the averaged maximum extinction ratio. The red bars present the results
of the device with lower Q. (170), whilst the blue bars present the results of the device with
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Fig. 5. Experimental results. The transmission spectra are normalized to the incident power. (a)
Spectrum acquired from device B to characterize the Q factor of the high-Q cavity. (b) Spectra
acquired from device C to measure the reflection ratio of the PTE. Dashed lines are obtained
through filtering interference fringes. (c) Spectrum of the prototype device (device A) to present
the Fano-like resonance investigated in this study. A typical resonance on the spectrum in (c) is
selected and re-plotted in (d), in which the sharp slope is fitted as the red dashed line. (e and f)
Averaged maximum slope results and averaged maximum extinction ratio results measured from

a device with lower Q. value (presented by the red bars) and a device with higher Q. (presented
by the blue bars).

higher Q¢ (450). As can be seen, higher Q. results in higher resonance slope and higher
extinction ratio, which verifies the theoretical prediction in Section 2.

4. Conclusions

In summary, this study experimentally demonstrates an ultra-sharp Fano-like resonance
mechanism, which is supported by a theoretical analysis. The authors establish a model of
weakly dual-coupled FP cavities, one with high-Q factor and the other one with low-Q factor.
By analytically and numerically investigating this model, the authors develop a guideline to
design devices with Fano-like resonance. Based on these theoretical studies, experiments are
designed and conducted, the results of which successfully match the theoretical results. In the
experiments, the slope of the sharp resonance line shape is measured as high as 0.77 dB/pm,
which is the highest among the literature based on on-chip integrated Si photonic devices, to
the best of the authors’ knowledge. Crucially, the prototype device is patterned using DUV
lithography only and does not require ultra-high resolution lithography techniques such as
electron-beam lithography, which demonstrates the fabrication feasibility for such Si photonic
devices with Fano-like resonances using conventional CMOS compatible foundry services.
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