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ABSTRACT: A method for generating Fano resonance in a
standalone silicon nanobeam cavity is reported and inves-
tigated thoroughly. The proposed approach eliminates the
inconvenience from the unexpected side-coupled bus wave-
guide of previous Fano cavity geometries and unlocks new
opportunities to develop ultracompact and ultrafast silicon
electro-optical modulators. Taking advantage from a spatial-
division multiplexing principle of operation between transverse
electric modes, a sharp resonant mode and an efficient flat
background mode are simultaneously generated in the same
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silicon channel for the realization of efficient Fano resonances. Unambiguous asymmetric spectral line shapes are experimentally
demonstrated in the near-infrared around A = 1.55 ym correlated to analytical and numerical methods. The best identified mode
for optical modulation presents an extinction ratio of 23 dB for a A4 = 366 pm wavelength detuning, while its Q factor is limited to
only 5600. For the same wavelength detuning, this extinction ratio is ~14 dB higher than that of the classical Lorentzian cavity
exhibiting the same Q factor. Electro-optical modulation based on the silicon Fano cavity and exploiting the plasma dispersion
effect is proposed and quantitatively studied, showing energy consumption as low as few fJ/bit. The overall gathered results show
that the proposed Fano cavity scheme addressed in this paper presents an interesting potential for low-power-consumption silicon
electro-optical modulation and provides new insight into the advantages and applications of Fano resonances in nanophotonics.

KEYWORDS: Fano photonic crystal cavity, asymmetric line shape, spatial-division multiplexing, subwavelength optics, mode mixing,

electro-optical modulation

The rapidly increasing demand for optical interconnects leads to
the strong requirement of ultralow power consumption and
tens-to-hundreds-gigabit devices, among which silicon optical
modulators play an essential role. Microresonators including
micro rings/disks and photonic crystal cavities, which feature a
small footprint and relatively small driven signal for high
extinction ratio’ (e.g, up to 15 dB), have been found to be a
promising solution to enable on-chip silicon modulators”~” and
compact integrated photonic switches.*'* However, to ease the
burden from the considerable photon lifetime in an ultra-high-
quality-factor (Q) cavities, which would be detrimental to the
target modulated bandwidth, resonators designed for high-bit-
rate modulators usually have limited Q factors of a few
thousands. This sacrifice of Q factors results in a larger power
consumption of tens to hundreds of femtojoules per bit™" "> for
acceptable extinction ratios (>~8 dB). Approaches like different-
signal driving'® and vertical P=N structures'* for silicon disk
resonators have been implemented to reduce power consump-
tion. However, these kinds of doping schemes are complex and
challenging with respect to fabrication accuracy control. There-
fore, new and simple solutions are expected for low-power-
consumption and high-bit-rate optical modulation.

In this context, Fano resonances, which arise from the inter-
ference of a discrete resonant mode and a continuum back-
ground,'® present an efficient ON/OFF transition in a more
reduced wavelength detuning between maximum reflection and
maximum transmission than the classical Lorentzian-type
cavities of similar quality factors. This specific behavior can be
used to address the bandwidth-power trade-off of silicon
resonant optical modulators and potentially minimize the
power consumption of silicon switching and modulation devices.
Different types of Fano-resonance-based cavities have already
been proposed including spatial membrane structures, '
plasmonic resonators,'” and integrated side-coupled one/two-
dimensional (1D/2D) photonic crystal cavities.'"®>' Thanks to
the advances in fabrication technology, novel integrated devices
based on these Fano cavities such as nonreciprocal transmission
structures,”” Fano lasers,” and switches”* have been demon-
strated. Especially, an all-optical high-bit-rate modulation
behavior combining the free carrier response of indium




phosphide and a Fano cavity was demonstrated.”**> Among
earlier demonstrated integrated Fano cavities, most previous
structures consist of a bus waveguide and a side-coupled
photonic crystal cavity.'®~>' When implemented with photonic
wires, e.g., within a nanobeam cavity scheme, the first drawback
of such configurations arises from the high sensitivity of the bus
waveguide/cavity region optical coupling ratio on the techno-
logical fabrication imperfections of the structure (in particular
on the width of the bus waveguide).26 The second stems from
the fact that the cross-sectional structure of the modulator is
intrinsically both asymmetric and more extensive than a simple
waveguide one, which complicates the realization of the doping
profiles of the PN junction and increases both the capacitance of
the whole structure and the access resistances to the polarization
electrodes. The obstacle to the realization of fast active cavities
based on PN junctions is not related to the realization of the
junction itself. The flexible use of PN junctions”” was indeed
demonstrated in 2D photonic crystal active cavities, but this
excellent work did not exploit the specifically steep spectral
signature of Fano optical cavities, leaving a field of investigation
for further progress in terms of power consumption and modu-
lation speed. For the full exploitation of the Fano signature of
active cavities, it is particularly important to look for fully
integrable configurations in a single waveguide (strip or strongly
engraved rib). In this direction, Fano resonance was observed in
a single nanobeam cavity,28 but Fano generation mode mixing
between interfering channels was only made at the collection
fiber level stage, degradation of Fano generation was observed
with the fiber location, and a design methodology for a flexible
and systematic Fano generation process still remains unsolved.

Targeting these issues, we address here the investigation of the
combination of nanoresonators and control electrodes to develop
a new class of Fano resonance silicon modulators aiming at a
dramatic reduction in power consumption without sacrificing
bandwidth. Design, fabrication, and characterization of sharp
and effective Fano resonances in a simple standalone waveguide
structure for optical switching and modulation are reported. The
mechanism adopted for realizing an effective Fano resonance in
a single waveguide geometry without any side-coupled bus
waveguide'’ ™" is initially introduced, followed by the system-
atic investigation of the behavior and robustness of Fano spectra
by both theoretical and experimental characterizations. Our
analysis, stemming from analytical and quantitative analysis,
gives new insight into the advantages of Fano resonances for
optical modulation schemes and indicates room for further
optimization. Although sacrificing the capability for extending
to more bus/cavity channels, our cavity effectively compresses
the physical dimensions of a Fano cavity and provides room
to design PN junctions nearly as easily as in a sin%le—wire
waveguide. Combining with rib nanobeam structures 72 or
nanoarm-assisted nanobeam resonators,”® the reported new
Fano cavity scheme can be expanded for developing low-power-
consumption optical modulators based on the plasma dispersion
effect.

B PRINCIPLE

As is well known, a Fano resonance arises from the interference
between a discrete resonance and a continuum®” and can be
practically implemented in a planar photonic platform by placing
a side-coupled bus waveguide (the “continuum”) in the vicinity
of a photonic cavity (the “discrete resonance”), whose coupling
and decay rates are controlled by a small partially transmitting
element (PTE), as illustrated in Figure 1(a). Compared to this
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Figure 1. (a) Schematic of a classical integrated Fano cavity. y; and ,
are the decay rates due to cavity modes—waveguide modes coupling.
(b) Schematic of the proposed standalone Fano cavity, consisting of an
MMI-like input structure, a nanobeam cavity, a subwavelength mixer,
and a directional coupler. The blue and red dashed curves represent the
spatial mode profiles (bottom right inset) of the TE, and TE,
propagating modes, respectively. The blue and red solid curves
represent the spectral line shapes of the TE, and TE2 propagating
modes, respectively. Top right inset: The propagating distribution of
the TE, propagating mode coupled with and converted into the TE,;
mode of the side waveguide. Middle right inset: Zoom-in view of the
three-slit subwavelength mixer and the propagating distribution
corresponding to a TE; mode injection.

classical configuration in which the resonant and transmitting
modes are generated in different physical channels and
manipulated by the PTE, the method we propose here is to
take advantage of a two-mode spatial multiplexing scheme to
generate the resonant and the transmitting modes in the same
physical optical waveguide, as shown in Figure 1(b). This stand-
alone Fano cavity consists of a single-mode input waveguide, a
nanobeam cavity whose cross section supports two transverse
electric field (TE) propagating modes (position 2), and a
subwavelength mode mixer. The TE, and TE, propagating
modes, which are schematically depicted by the blue/red dashed
curves in the bottom left inset of Figure 1(b), have symmetric/
asymmetric fields within the waveguide cross-section, respec-
tively. The multimode interference (MMI)-like operation allows
a tight control of the balance between the excited TE, and TE,
propagating modes at position 2 through the choice of the
narrow (input) and wide (nanobeam) waveguides’ widths,
labeled w; and w,, respectively (see Figure 1(b)). The key to the
design is also to widen the contrast between the effective indices
of these two modes so that the TE, propagating mode strongly
feels the influence of the cavity, thus generating a marked
spectral resonance, while the second propagating mode, TE,, is
only slightly sensitive to the periodic corrugation of the wave-
guide geometry and thus presents a very flat transmission
spectrum (i.e., an ultrawide resonance). The spectrum of both
TE propagating modes are schematically represented by the
solid curves in Figure 1(b) at position 3. The nanobeam cavity is
followed by a subwavelength mixer for intermixing between the
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Figure 2. (a) Dispersion curves of the TE modes at 1550 nm wavelength in a 220 nm thick silicon on insulator strip waveguide with different width
values (w,) (plane 2 in Figure 1(b)). (b) Transmission spectra (from plane 2 to plane 3 in Figure 1(b)) of the TE, and TE, propagating modes through
a classical nanobeam cavity with w, = 800 nm, 50 holes, and 300 nm period. (c) Transmission spectra of the TE, and TE, propagating modes through
the proposed Fano cavity with a 400 nm wide input waveguide. The period, filling factor, and length of the subwavelength hole array are P, = 200 nm,
ff=0.5, and L, = 400 nm, respectively. Other parameters are identical to that reported in (b). In each figure, the TE, and TE, propagating modes are
depicted by blue and red solid curved lines or circles, respectively. Structures corresponding to the (b) and (c) configurations are shown in the insets, in
which the TE, and TE, spatial mode profiles are displayed by blue and red dashed lines, respectively.

TE, propagating mode narrow resonance and the TE, mode
wide resonance, respectively, which produces two Fano reso-
nances, i.e., for each of the TE modes. An additional narrow side
waveguide forms a directional coupler to convert the TE, propa-
gating mode to the TE, mode of the side waveguide (see the left
inset of Figure 1(b)). Five planes marked by black dashed lines
(1,2, 3,4, and 5) at different positions in Figure 1(b) are used to
illustrate the structure principle of operation: plane 1 at the input
waveguide, plane 2 before the cavity, plane 3 before the mode
mixer, plane 4 after the mode mixer, and plane 5 at the bifur-
cation of the output directional coupler.

In order to study the feasibility of the proposed single-
waveguide principle of operation, eigenmode solving and FDTD
methods were extensively used to calculate the mode dispersion
and field and power transmission levels of the TE modes in the
nanobeam structure. The corresponding platform we consid-
ered starts from a typical silicon-on-insulator (SOI) photonic
platform with a 220 nm thick silicon core and a 2 pm thick
buried silicon dioxide layer. The dispersion curves of both TE
propagating modes (at plane 2) obtained for different nanobeam
widths (w,) are presented in Figure 2(a). In principle, in order to
provide a high transmission level for the TE, mode with a weak
perturbation from the nanobeam cavity, the difference in effec-
tive index values between the TE, and TE, propagating modes
should be as large as possible to prevent Bragg reflection for the
TE, mode. A waveguide width w, = 630 nm (#.¢1g, & 2.55 and
fegres & 1.6) corresponds to the ideal value, but due to the rapid
change of the TE, propagating mode dispersion close to this
condition, this option can lead to fabrication-sensitivity issues.
Thus, a moderate value w, = 800 nm was selected (throughout
this work), providing an acceptable index contrast between the
TE, and TE, propagating modes of ~0.565.

Next, a nanobeam cavity with a 50-hole array under a period
of 300 nm was considered. To obtain a resonant high quality (Q)
factor and a high transmission for the TE; mode, the hole radii
were ta?ered from 100 nm in the center to 70 nm in a 15-period
length.”" Extra 10-hole mirror sections with identical 70 nm
radius holes were added at the end of each taper. The total length
of the nanobeam cavity was close to 15 ym. The calculated
transmission spectra (from plane 2 to plane 3 in Figure 1(b)) for
both TE propagating modes are shown in Figure 2(b). The
simulated quality factor/transmission values with TE, input
(merely TE, propagating mode in the nanobeam waveguide)
for the first and second cavity modes are 230 000/55% and

19 000/95%, respectively. For the TE, propagating mode, an
average transmission larger than 90% is obtained in the 1500 to
1600 nm wavelength range. Although the peak transmissions of
these two TE propagating modes are not exactly balanced, the
related excitation ratio can easily be engineered by adjusting the
input waveguide width of the MMI-like structure to find the
right balance between the two optical modes.

To mix both TE propagating modes after the nanobeam cavity
(plane 4 in Figure 1(b)), a subwavelength mixer consisting of a few
asymmetrically located rectangle-shape etch holes (Figure 1(b)) is
placed after the resonator. The period, filling factor, and length of
the mixer region hole are P, = 200 nm, ff = 0.5, and L, = 400 nm,
respectively. Both TE propagating modes in the nanobeam
waveguide excite the first two order modes of the subwavelength
structure, which are converted back into the TE propagating
mode again after the mixer. By carefully selecting the mixer
length, we achieve a TE,—TE; and TE,—TE, mixing efficiency
of ~45% and ~35%, respectively. These coupling efficiencies are
obtained here from a 3-N (3 hole) subwavelength mixer
(optimizing methodology for the subwavelength mixer is
presented in the Supporting Information). The simulated propa-
gating distribution corresponding to a TE, light injection is
shown in the middle right inset in Figure 1(b). The mode inter-
ference behavior after the subwavelength mixer is an obvious
signature of multimode generation. The transmission levels of
the TE propagating modes through the complete device (inset
in Figure 2(c), i.e., from plane 1 to plane 4) including the input
waveguide width w; = 400 nm (which provides excitation
efficiencies of 55% and 40% for TE, and TE, modes, respec-
tively), the MMI-like structure, the nanobeam cavity, and the
subwavelength mixer, are reported in Figure 2(c).

Unambiguous Fano line spectra for the TE; propagating
mode (blue curve in Figure 2(c)) and the TE, mode (red curve
in Figure 2(c)) are observed, which confirms the adequate
interference of the resonant and the flat spectra. Interestingly
and as anticipated, the TE, mode (red curve in Figure 2(c)) also
exhibits a Fano spectrum line shape, since part of the TE, and
TE, modes are indeed coupled back to the TE, mode as well
after the mixer. Incomplete destructive interferences marked by
the appreciable but not complete Fano dips (transmission does
not drop to 0) result from the unbalanced TE,/TE, energy
levels. Each of both Fano resonance behaviors can be separately
optimized by adjusting either the TE,—TE,, TE,—TE, mixing
efficiencies or the TE,—TE,, TE,—TE, ones.
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Figure 3. (a) Schematic of the dynamics of optical waves in a standalone two-port waveguide nanobeam Fano cavity. TE, and TE, propagating modes
are marked by blue and red dashed curves, respectively. The spectrum of TE,; and TE, propagating modes are depicted by the blue and red curves,
respectively. (b, c) Transmission of the TE; mode versus the varying excitation efficiencies 7, 77, and mixing efficiencies C,;, C;,. The exchange

efficiencies in (b) are fixed as C;, = 0.45, C,, = 0.35, while the excitation efficiencies in (c) are 77, =

the following parameters: @, = 27%193.414 THz, T, = 90%, Q, =

2y

0.5S, 17, = 0.45, respectively. Both (b) and (c) share

Bl ANALYTICAL DESCRIPTION OF FANO RESONANCE

To further study the generation of Fano resonances in such a
standalone cavity structure, we performed complementarily
analytical calculation using the temporal coupled-mode
theory'®*” (TCMT). The equivalent schematic view of the
cavity dynamics is shown in Figure 3(a). The total structure can
be considered as a two-port scattering system. Sf and Sy are the
forward and backward field amplitudes from port I (left side
port), respectively. Sj; and Sjj share the same definitions for port
11 (right side port). 5, is the complex transmission coeflicient of
the electric field (then Tj; = It |* is the power transmission) of
the TE, propagating mode after the mixer (energy of TE; mode
in plane 4 normalized to that at plane 1). For a nanobeam cavity
with a resonant angular frequency @, and corresponding electric
field a, for the TE; mode, the decay rate for this resonant mode
due to coupling to the two feeding waveguides and the decay
rate due to out-of-plane scattering and intrinsic absorption are
Y1 Y2 Vs and y;, respectively. Therefore, the total decay rate (TE,;
propagating mode) can be written as y, = y; + ¥, + ¥, + 7;. The
energy excitation efficiency from the TE, propagating mode to
the TE, and TE, modes in the MMI-like structure (defined in
Figure 2(b)) are labeled by 7, and 7, respectively. Meanwhile
the efficiencies from the TE, and TE, modes to the TE, mode of
the subwavelength mixer at the output port are labeled as C;,
and C,,, respectvely. The transmission of the nanobeam cavity
for the TE, propagating mode called T, (T, = I/*) can be
assumed as nearly uniform due to the weak interaction of this
mode with the array of patterned holes.

According to the TCMT and considering a detuning of
angular frequency 8, = @ — @, the coupled equations of the
resonant and backward waves can be written as follows:

da(t)

TR (=i6, — y)a +

i)
2y ¢’ ‘\/11—15;r

w=7x104,Q,= 1 = 16 X 10%,and @ = ;1 ~ 30000,
- _ + i,
S = m\/n—lsI + /2ne"a )
_ i0. . A0
Sy = J2ne"aCy + \/’7—251+t2 C,, i€’ 3)

in which 6, and 6, are the phase factors of the cavity waveguide
modes at the left and right ports, respectively. Af is the phase
difference between the TE, and TE, propagating modes, which
is counted from the MMI-like interface to the front plane of the
mixer. The reflection coeflicient of the nanobeam cavity mirrors
for the TE, mode is r,, which can be considered as 1 for
simplification (confirmed by an estimated reflection power level
at a slightly off-resonant wavelength, which indicated a reflection
coefficient of ~0.98).

For steady-state condition, da(t)/dt = 0 and the field
transmission coefficient for the TE; mode through the whole
structure (T, = It *) can be written as

_ i(6,+6
¢ Su _ % 717/2'71C11€( 0 + '\/Tt iA0
= = ——+i e
F1 SI+ 6, + 7 Lt @)
For symmetric cavity design, 6, = 6,, ¥, = 75, and for a highly

i(0+6;
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confined cavity mode, e
2
—r, & —1;° therefore

\/’71 11

15+7/t

iy ’72C21 t2e
(%)

If there is no excitation of the TE, mode and no mixer region

after the cavity (7, = C; = 1, , = C;, = 0), then

47/12
2

T, = It = -
C 7,

(6)
The total transmission of the TE, propagating mode then
goes back to a typical Lorentzian shape.
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that the total energy of the TE, propagating mode coupled back
to the TE, mode is T}, = #,T,C},, we can simplify eq 8 as
(1 +24C,)

(e +q)°
+h e +1 (9)

T~ T,
F1 12€2_'_1 12

The first term of eq 9 is the same as the traditional expression for
Fano resonance in a two-port cavity.”” The variable g is the
asymmetric parameter, which quantifies the Fano spectrum
asymmetry. The normalized energy amplitude of the continuum
part of the TE, propagating mode, e.g, the T,;, becomes the
amplitude coefficient of the Fano spectrum in eq 2. Similarly in
the classical Fano spectrum, the amplitude coefficient is the
transmission of the partially transmitting element.”” However,
the above equations indicate that the phase quantity also
contributes to the transmission and can cause a small deviation
to the perfect Fano line shape. By controlling C,, this phase-
related item can be minimized and high-quality Fano line shapes
can then be obtained. As a whole, the above analytical calcu-
lation shows that the obtained pseudo-Fano expression opens
room to design a sharp Fano-like behavior. Analysis of the TE,
mode can be made similarly and is not shown here.

To study the effect of excitation efficiencies and mixing
efficiencies on the spectrum, we assume that A@ = 0 (then C, =
€(—1 + cos AB) + sin Af = 0) for simplification; thus

(e +q)° 1
’1—;=’I12 2 +TIZZ
e +1 e+ 1 (10)

On the basis of eq 10, we accordingly adjust the energy ratio of
the TE,/TE, propagating modes and the mixing efficiencies to
search the optimization operation point. The related details are
shown in Figure 3(b) and (c). In these plots, clear Fano curves
presenting sharp spectral transitions and high extinction ratio
are demonstrated from 77, = 0.1 and 7, = 0.9. The best configu-
ration for Fano behavior, indicated by g ~ 1 (the largest
asymmetry), is generally linked to the most rapid change (maximum
slope) of the structure spectral transmission. This condition is
satisfied here when 7, = 0.55, as shown in Figure 3(b).
Especially, the comparison between the #;, = 0.9 and 7, = 0.999
cases shows that values of 7, close to 1 are necessary to recover a
Lorentzian shape cavity spectral line shape.

We also investigated the effect of the mixer with different
coupling efficiencies (C;; and C,,) on the Fano spectra, as
shown in Figure 3(c). The g parameter variation is much more
limited than in the previous case, and the spectra keep a fairly
marked Fano shape even in the severe C;;Cj, = 70%;5%
condition, which indicates the robustness of the proposed Fano
cavity scheme against variations of the mixer geometry. Overall,
the main trends reported in Figure 3(b) and (c) provide a design
strategy to target a trade-off between correct Fano line shapes
and large extinction ratio values.

B EXPERIMENTS

The scanning electron microscopy (SEM) picture of a typical
fabricated device is shown in Figure 4(a). The gap (Figure 1(b))
between the nanobeam waveguide and the side waveguide (w, =
400 nm) is 150 nm here. A straight coupling length of 16 yim was
chosen to completely couple the TE, propagating mode in the
nanobeam waveguide to the TE, mode in the side waveguide.
Then the side waveguide was turned into a bend waveguide with
a radius of 40 gm for an ultralow loss separation of both modes.
The performances of this directional coupler were confirmed by
3D-FDTD simulations and from many fabricated devices’ char-
acterizations. The mixer dimensions consisted of three rectangle
etched holes with a 200 nm period and a 50% filling factor, each
rectangle hole having a length (L, in Figure 1(b)) of half w,,
i.e., of 200 nm. The width of the input waveguide was chosen as
500 nm since the experimental transmission of the resonant mode
was usually lower than the theoretical one. Other parameters of
the nanobeam cavity were directly inherited from the design
stages, i.e., a nanobeam waveguide width w, = 800 nm, N = 50
(number of holes), and a hole radius profile quadratically
tapered from 100 nm in the center to 70 nm at the edges.

The transmission curves of the full structure are shown in
Figure 4(b). Clear Fano line shapes for the first- and second-
order cavity modes are observed, with resonance wavelengths
located at around 1515 and 1531 nm, respectively, which are
close to the values (1510 and 1533 nm) obtained from the 3D-
FDTD simulation in Figure 2(b). Simulated distributions for
these two modes are presented in the insets of Figure 4(b).
Simultaneous Fano line shapes of the second cavity mode in the
nanobeam and side waveguides are also shown in Figure 4(c), as
the blue and orange curves, respectively. Zoomed-in views of the
transmission curves around the two spectral resonances are
shown in Figure 4(d) and (e), respectively. The blue circles and
the orange solid curves are experimental results and fitting
curves from eq 9, respectively.

In Figure 4(d), we see that in a wavelength detuning of 56 pm
the cavity optical transmission experiences a transition drop of
about 17 dB. To experimentally obtain the quality factor,
another device with same parameters but an input width of
700 nm was further analyzed. This wide-input device can be
considered as a classical nanobeam cavity without any TE,
propagating-mode excitation (Figure 2(b)). According to our
previous analysis, the transmission spectrum is then fairly close

to a Lorentzian resonance. UsingQ = %, a Q factor of ~32 000
0

was obtained (the transmission of this Lorentzian spectrum is
low and not shown in Figure 4(d)). The Q factor value was also
extracted from eq 9, by fitting the experimental Fano spectrum.
The asymmetric total decay rate y, was 27%2.96 GHz, which
indicated a Q factor of 34 000, well coincident with that given by
the Lorentzian-type device. The asymmetric parameter g was
estimated as g = 1.6335, i.e,, close to the perfect Fano condition
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(i.e., Igl = 1), proving the consistency of the carried-out optimi-
zation. In addition, the total measured energy transmission from
the TE, propagating mode to the TE, one (T}, = 7,T,C,,) was
found to be around 0.1267. Considering the excitation ratio of
the TE, mode (1,) for a S00 nm width input waveguide of about
0.3 and the nanobeam transmission (T,) of 0.9 and a mixing
efficiency (c;;) of 0.3, this value of T, (0.1267) is thus in good
agreement with analytical prediction (0.0945).

Similar analysis for the second cavity mode was performed as
well, from which a more than 23.2 dB extinction ratio was
obtained for a wavelength detuning of 366 pm, as shown in
Figure 4(e). The calculated asymmetric parameter g, the Q
factor, and the total transmission T,,were 1.894, 5600, and
0.1056, respectively (the phase variables C, for both cases were
calculated to be close to zero and are not shown). Using a device
made of an identical nanobeam cavity but with a 700 nm width
input waveguide, an overall transmission of T = 0.88 was experi-

2
mentally monitored. According to the estimation®' T = (%)
wg

1 1 1
Q(otal - ing + Qi+v
Qg and Qiy, both accounting for waveguide coupling and
intrinsic absorption and vertical losses, were estimated as Q,,, =
5930 and Q,,y = 100 000, respectively. This estimate thus demon-
strated the negligible nature of optical losses by absorption and
out-of-plane scattering. An experimental Lorentzian spectrum
with nearly the same Q factor of 5600 is reported as well (green
curve) in Figure 4(e) for comparison, which is clearly less
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the same Q factor of 5600 (y, = 22*17.75 GHz), the extinction
ratio (ER) for a wavelength detuning of 366 pm (Aw =

and the classical relationship , quality factors

efficient. For a lossless Lorentzian resonance with

2
1/

* o — _
27%46.83 GHz) is —10 log((Aw)z e

)= 9 dB. This value is 14 dB

smaller than that of the experimentally reported Fano resonance
(~23 dB). From another perspective, with the same Q factor
(5600) and ER (23 dB), the wavelength detuning required in a
Lorentzian case is 1.96 nm (Aw = 27%251 GHz), which would
lead to a much higher driven power. Increasing Q is obviously an
option to ease the burden from ER-frequency detuning trade-oft.
For example, a Q as high as 40 000 in the Lorentzian-spectrum
cavity is capable of providing the same efficiency; however
such a high Q would lead to an excessive photon lifetime, raising
an obstacle to the bandwidth of electro-optical modu-
lators based on this structure.'’ For example, for a quality
factor of only 10000, the bandwidth f;4z limited by photon

lifetime in already no more than 20 GHz, according to
1

= (a0) + (27RC)’and = L.
indicate the excellent potential of the proposed single-waveguide
Fano cavities (Q ~ 5600) for ultrafast, efficient electro-optical
modulation and switching.

In order to have a clear observation on how Fano resonance is
influenced by the balance between modes, a series of configura-
tions with different TE,/TE, excitation ratios were performed by
varying the input waveguide width w;. As shown in Figure 5(a),
with the nanobeam width w, being fixed at 800 nm (again,
throughout this work), the out(plane S)/in(plane 1) excitation
efficiency of the TE; propagating mode increases with the
waveguide width, while the excitation efficiency of the TE, mode
first reaches a maximum at w; = 400 nm and then gradually
decreases with increasing w; values. These monotonic trends of
the TE, mode curve can be understood with the related increased
effective index value, which minimizes the impedance mismatch
between the input access waveguide and the nanobeam

These comparisons
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Figure S. (a) Excitation efficiencies of the TE, and TE, propagating modes at plane 2 in a nanobeam waveguide with w, = 800 nm, connected with an
input waveguide with different widths w; ranging from 300 to 700 nm. (b) Corresponding mode overlap between the input waveguide and nanobeam
waveguide. (c)—(j) Evolution of the Fano spectrum by varying the width of the input waveguide w; from 300 to 700 nm, respectively.

waveguide modes. On the other hand, the increased TE,-mode
efficiency arises from an improved effective index matching and
the largest mode overlap (Figure 5(b)) at the input/nanobeam
waveguide interface. Figure 5(a) indicates that the excitation
efficiency of the TE,/TE, mode can be adjusted in a large range
(from nearly 55%/40% to infinity). For input waveguide widths
larger than 400 nm, the summation of the TE, and TE, excita-
tion efficiencies (i.e., the summation of blue and red curves in
Figure 5(a)) is close to 1, which also indicates an available width
range for low-loss light injection. The spectrum evolution of an
array of fabricated Fano cavities with different w; ranging from
300 to 700 nm is reported in Figure S(c)—(j). The spectrum line
shapes first behave as all-pass filters and become asymmetric
with increasing input waveguide widths and achieve almost a
maximum asymmetry within the range of 500—600 nm of input
waveguide width, then coming back to an add-drop-type
Lorentzian shape resonator at w; &~ 700 nm. Clear Fano line
shapes are widely observed from w; = 450 nm to 650 nm. This
easiness highlights the robustness of our design even in the case
of possible tens of nanometers of fabrication errors.

H DISCUSSION

Remembering that the limited quality factor (for high bit rate
modulation) in a Lorentzian active cavity puts a practical ceiling
to the extinction ratio and tends to increase the needed oper-
ating voltage swings (usually up to few volts”), the most impor-
tant merit of Fano resonance resonators is to improve the
extinction ratio and power consumption by providing a sharp
transition between reflection and transmission states. Since our

design is intrinsically suitable for PN modulator and switching
integrated schemes, one significant further work is here to
estimate the power consumption of electro-optic modulators r
relying on the plasma dispersion effect and the proposed stand-
alone Fano resonator.

The proposed PN Fano modulator is shown in Figure 6, and
the analysis is performed on the 220 nm SOI platform with 170 rib
thickness and 50 nm slab thickness. The Fano cavity is slightly
doped in both the side and a depletion region formed in the
center. Meanwhile, the free carrier induced index change in
silicon can be described at 1.55 ym wavelength by**

An = An, + Any

—[8.8 X 107> X AN, + 8.5 x 10°'* x (AN, )"®
(11)

An,, Any,, AN, and AN, are here the electron-induced index
change, hole-induced index change, the density changes of
electrons, and density changes of holes. For a common doping
change level of AN, = AN}, = 5 X 10", the index change is An =
—1.7 X 107, We consider a nanobeam cavity with symmetric
PN junctions, i.e., with identical widths for the P-type and N-type
regions. The optical index in the P-doped/depletion regions can
be considered as 3.4783 and ~3.48, respectively. Since the
depletion width of the PN junction can be described as*®

1/2
2kBT]
q (12)

2¢e4¢,(Np + N,
wy = | 2o+ ) A)(van—

q(NDANA)
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Figure 6. Proposed Fano modulator based on rib silicon PN depletion
structure. Inset is the cross-section of the rib structure at the position
labeled by the dotted line.

£, = 8.8542 X 107> F/m and ¢, = 12. V}, V,,, and q are the
vacuum silicon dielectric constant, the silicon dielectric con-
stant, the built-in potential, external applied voltage, and the unit
charge. kg is the Boltzmann constant, and T is the temperature
fixed at 300 K.

For a 0.35 nm shift of the Fano resonance (consistent with the
second cavity mode discussed above, with Q = 5600 and an
extinction ratio larger than 20 dB), the required width change of
the depletion region (AWy) calculated by using 3D-FDTD
simulation was estimated to about 15 nm. The peak—peak
voltage for such a width change at a bias of V3 & —0.5 Vis AV,
~ 0.5 V (ie., V. is within the range of Vz—AV,/2 to Vg +
AV,./2). Considering an average depletion width of 100 nm
and a cavitzf length L = 15 pm, the capacitance of the PN
junction is*

H, (~220 nm)L ~ 4 fF
Wa (13)

Therefore, the energy consumption per bit can be estimated

11
as

Cy = &8,

r

CVpy  CAV?
E=—2 =2 ~025f/bit

4 4 (14)
Even considering a practical capacitance (i.e., an experimental
capacitance taking other capacitance and fabrication imperfec-
tion into account besides the depletion capacitance) of C = 50 fF
like for earlier reported ring resonators,” the energy consump-
tion per bit is still as low as 3.125 fJ/bit. Such a low energy
consumption per bit, which is supported by the small wave-
length detuning of 366 pm required to obtain an ER of 23 dB in
the proposed Fano cavity with a low Q factor of 5600, is not
possible to achieve in Lorentzian-line-shape resonant modu-
lators. For the first cavity mode of Q ~ 34 000 (0.056 nm shift
for ER > 15 dB), the energy consumption per bit is reduced
down to E ~ 0.5 {J/bit. Besides, asymmetric doping profiles
could be further considered to optimize the active structure
performances.’® The absorption resulting from the free
carriers”® we obtained for this structure is Aa = 7.25 cm™),
from which we derived an imaginary part (n = n + ik, at 1550 nm
wavelength) of a refractive index of Ak = 0.89 X 1074, Taking
this value into account, we recalculated the quality factor of the
nanobeam cavity with and without free carriers. The quality
factor for the second cavity mode in the passive case is 1.89 X

10", while it was estimated to be 1.29 X 10" when free carriers
were accounted for, indicating an additional decay rate of only
Ay; = 27*2.38 GHz. Comparing this value to the experimental
total decay rate of the second mode (7, = 27%17.75 GHz), we
observe that the impact of free-carrier absorption on the Fano
resonance decay is small. This result brings a confirmation that
the cavity quality factor is dominated by the strong coupling30
between the propagating mode in the feeding waveguide and the
cavity mode, rather than by free-carrier absorption losses (i.e.,
with the notations of the paper, the resonance is mainly governed
by 71, 7» and y,, rather than ), let alone the further lossy
contribution from fabrication. Thanks to this small additional
decay rate, q is only weakly influenced by free carriers so that the
asymmetric spectral line shape of the cavity is preserved in the
active modulation configuration.

B CONCLUSION

In this paper, a clear and marked Fano resonance is achieved in a
single-waveguide silicon nanobeam cavity, which provides a
novel path to develop monolithically integrated high-frequency
and low-power-consumption silicon modulators. By using the
mode-diverse response of a single nanobeam cavity, controlling
the spatial-division multiplexing and mode mixing in the
multimode waveguide section, we realize a sharp resonant
mode and a flat background mode in the same silicon channel for
flexible generation of Fano resonances. Unambiguous asym-
metric spectrum line shapes were experimentally observed,
presenting a 23.2 dB extinction ratio within a 366 pm detuning
for one of the cavity modes (Q = 5600), the factors of merits of
which cannot be reached in classical Lorentzian-type integrated
active cavities of similar Q factors controlled with the identical
wavelength detuning. Our investigation, based on an analytical
model supported by a quantitatively numerical calculation,
reports a thoughtful strategy for the optimization of the pseudo-
Fano resonances. The energy consumption of active modu-
lation in a single-waveguide Fano cavity using the plasma
dispersion effect was estimated to be less than a few f{J/bit,
giving competitive potential to the realization of low-power-
consumption silicon optical modulators operating at high-data
bit rates (3>1 Gbits s™'). We believe that the proposed Fano
cavity scheme opens room for the realization of single-waveguide
silicon modulators going beyond the current state of the art.

B METHODS

Fabrication and Characterization. An SOI wafer with a
220 nm silicon thickness was used for fabrication. Device
fabrication was based on electron-beam lithography, ICP-RIE
etching, and a wet cleaning process.”” A tunable laser (Yenista
TUNICS, T100S) operating in the 1520—1640 nm wavelength
range, a polarizer, and a power meter (Yenista CT400) were
used for charactering the devices. A couple of grating couplers
were used for fiber-chip in and out interfacing. All the
transmission curves were normalized to straight waveguides
with identical grating couplers.
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