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Abstract—Subwavelength grating metamaterial racetrack ring
resonator (SGMRTR) increases the coupling strength between the
bus waveguide and the ring resonator and thus better extinction ra-
tio can be achieved. In this paper, we summarized our recent work
on SGMRTRs. We show that with the improved extinction ratio, the
intrinsic detection limit of refractive index sensors can be pushed
closer to the theoretical limit. We have also demonstrated the
first high-speed optical modulator based on electro-optic polymer
infiltrated subwavelength grating metamaterial waveguide ring
resonator with measured 3-dB bandwidth of 41.4 GHz. The
power consumption for digital communication is estimated to be
2.55 fJ/bit.

Index Terms—Silicon photonics, modulator, silicon-organic
hybrid integration, metamaterial, subwavelength grating, sensor.

I. INTRODUCTION

THE advance of modern technologies relies heavily on the
discovery and in-depth understanding of materials. While

the desire for materials with special properties and quality never
fades, “perfect” natural materials for specific applications, un-
fortunately, do not always exist. Thus, there is substantial interest
in tailoring naturally existing materials. The rapid development
of nanotechnology provides the ability and the opportunity to
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engineer materials in nanoscale or even atomic scale and po-
tentially break the limitation of materials on the device perfor-
mance.

Integrated photonics is one of the areas that artificial mate-
rials can significantly improve the performance of devices. Es-
sentially, a typical on-chip circuit is a combination of two or
more basic functions, such as photon generation, manipulation
(modulation, attenuation, etc.), delivery (waveguiding), and de-
tection. Currently, none of the available material platforms can
satisfactorily accomplish all these functions. For instance, sili-
con photonics enables the high density and low-cost integration
of optical components, but it is also well-known that silicon does
not favor the generation and manipulation of photons due to
its indirect bandgap and absence of second-order nonlinearity.
Besides, the high index contrast not only leads to small foot-
prints but also limits the interaction between photons and am-
bient environment, including electro-optic (EO) polymers and
biomolecules.

Subwavelength grating metamaterial (SGM) waveguide,
formed by a periodic arrangement of material segments with
a pitch less than the wavelength inside the waveguide, provides
a method to manipulate many important optical properties such
as dispersion and refractive index [1]–[7], and a platform for
hybrid integration [8] and sensing [9]–[11]. Recently, it is also
used as mechanic suspension structures to break the limitation
of material platforms in aspects such as sensitivity and oper-
ation wavelength [12]–[14]. SGM was first proposed in 2006
by Cheben, et al. as a promising approach to address the light
coupling issue of silicon photonics [15]. Despite a large number
of reflection interfaces, a propagation loss as low as 2.1 dB/cm
was reported, which is comparable with widely used strip waveg-
uides [1]. Innovative components based on the SGM have been
showing impressive performance compared to conventional de-
vices [16]–[18]. These demonstrations prove that SGM could
potentially address the disadvantages of conventional devices
made of naturally existing materials. Motivated by this vision,
recent research has been focusing on replicating the success of
conventional components with SGM waveguide [8], [11], [16]–
[25], such as silicon photonics micro-ring resonators [8], [11],
[24], [25]. Compared to conventional strip waveguide, the op-
tical field in SGM waveguides not only exists in the peripheral
regions but also between silicon pillars. Thus, higher sensitivity
can be expected or enhanced performance in hybrid integration
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can be achieved. However, the increased interaction inevitably
induces additional loss from increased surface roughness and
absorption. In addition, the reduced index of SGM does not fa-
vor sharp bends and introduces additional radiation loss into
the ring due to the wavefront distortion. Although fine tuning
the shape of elements of SGM could alleviate the issue, the
coupling strength between bus waveguide and resonator must
be strengthened to meet critical coupling condition, especially
when the cladding of the resonator is absorptive. Junjia Wang
et al. presented optical filters based on SGM [26], in particular,
implementation of Bragg SGMs in silicon-on-insulator (SOI).
Micro-ring resonators with extinction ratio (ER) of 23 dB and
a quality factor as high as ∼20,000 is demonstrated. The ER is
further improved to 30 dB using race-track configuration.

In this paper, we summarize our recent progress on SGM
racetrack resonators (SGMRTRs) based sensors and modulators.
Fundamentally, sensors and modulators can be considered as a
transducer which converts index perturbations into detectable
optical signals, such as phase and intensity variations, and thus
share plenty of similarities. To improve the performance of both
types of devices, essentially the interaction between photons and
cladding materials needs to be maximized, and at the same time,
the quality factor and the ER of the resonator must be maintained
at the desired level. Trade-offs are frequently made to balance
these design considerations to meet the requirements of various
applications.

II. SUBWAVELENGTH GRATING METAMATERIAL RACETRACK

RESONATOR FOR SENSING APPLICATIONS

Since the birth of SGM, sensing has been considered as one of
its most promising applications [9], [27]–[29]. A comprehensive
analysis is provided in [18] which unveils that better sensitivities
can be achieved with SGM based sensors compared to conven-
tional strip waveguide based sensors. As mentioned in the pre-
vious section, SGMRTRs provide adequate coupling strength to
compensate the intrinsic loss of SGM resonators and assure the
critical coupling condition can be satisfied. Especially for sen-
sors in absorptive environment, such as aqueous solutions, an
ultra-large coupling coefficient is necessary to obtain satisfying
ER. In addition, SGMRTRs increase the roundtrip length which
subsequently increases the probability for one single molecule to
be captured and detected. In this paper, the discussion focuses
on the bulk sensitivity but the conclusion can also be applied
to surface sensing. To maximize the sensitivity, the SGMRTRs
discussed in this section operate with transverse-magnetic (TM)
modes instead of the most frequently used transverse-electric
(TE) modes. TM modes typically suffer a higher loss in bends,
resulting in the increased intrinsic loss within the racetrack res-
onators.

Fig. 1(a) is the optical microscope image of an SGMRTR in
a U-shape configuration, in which a pair of SGM grating cou-
plers were put 250 μm apart to match the pitch of the fiber array.
Fig. 1(b) is the scanning electron microscopy (SEM) image of
the SGMRTR with the details of SGM grating couplers, strip-
to-SGM waveguide converters, and the coupling region shown
in Fig. 1(b), (c), and (d), respectively. The strip-to-SGM mode

Fig. 1. (a) Optical microscope image of the fabricated SGMRTR with a cou-
pling length of 6.5 µm. (b) SEM image of the SGMRTR (green region in (a)).
(c) The TM SGM grating coupler. The magnified SEM images of (d) the left
taper between strip waveguide and SGM waveguide in white dashed rectangu-
lar region, and (e) the coupling region between the SGM bus waveguide and
racetrack resonator in blue dashed rectangular region [30].

converters were formed by narrowing the waveguide core grad-
ually to 60 nm wide. The length of the converters is 40 μm to
reduce the conversion loss [31]. The device was fabricated on
SOI with a 220 nm thick silicon device layer and a 3 μm thick
buried oxide (BOX) layer. The SGMRTR structures are firstly
patterned through electron beam lithography (EBL), followed
by the reactive ion etching (RIE). The proximity effect is pre-
compensated to minimize the discrepancy between the design
and fabrication.

To determine the optimum length Lc of the coupling region,
a set of SGMRTRs with Lc from 5.5 μm to 7.5 μm with a step
of 0.5 μm were fabricated. The SGMRTRs were tested with
a broadband source and an optical spectrum analyzer (OSA).
The light was guided through one channel of the fiber array to
the TM SGM grating coupler and excites the TM mode in the
strip waveguide. Output light was collected by another channel
in the fiber array. Fig. 2(a) summarizes the collected transmis-
sion spectra of SGMRTRs. Fig. 2(b) shows a magnified view
of the resonances in the blue box. The resonances were shifted
so that each resonance can be distinguished clearly. As seen in
Fig. 2(b), the quality factor and the ER of the fabricated SGM-
RTRs reached their maximum when the coupling length equals
6.5 μm. The full-width at half-maximum (FWHM) of the reso-
nance at 1555.9 nm in DI water is about 0.16 nm, corresponding
to a quality factor of ∼9800, and the ER is about 24.6 dB.

The bulk sensitivity of the fabricated SGMRTRs with dif-
ferent LC was characterized by flowing glycerol solution with
different concentrations onto the SGMRTRs through microflu-
idic channels. The chip was kept at 25°C by a temperature con-
troller. The resonance was tracked and plotted in Fig. 3(a). The
vertical green dashed line represents the time duration when
glycerol solutions with different concentrations were injected.
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Fig. 2. (a) The transmission spectra of the fabricated five SGMRTRs with
Lc = 5.5µm, 6 µm, 6.5 µm, 7 µm, and 7.5 µm, respectively, and DI water
cladding. (b) Magnified resonance dips in blue dashed rectangular region in (a).
Offsets were added so that each resonance can be seen clearly [30].

Fig. 3. (a) The time-domain resonance shift of the SGMRTR with Lc =
6.5µm when different concentrations of glycerol solutions (0%, 5%, 10% and
20%) were flowed through the device. (b)The corresponding redshift of the
transmission spectra for different concentration glycerol solutions. (c) The lin-
ear fitting plot of the resonance shifts [30].

Fig. 3(b) shows the stabilized transmission spectra after the new
concentration solutions were applied. The refractive indices for
0%, 5%, 10%, and 20% concentration solutions of glycerol are
1.333, 1.340, 1.347, and 1.362, respectively. Fig. 3(c) is a lin-
ear fitting of the resonance shift in relation to the change of
the refractive index of the solution. The bulk sensitivity of the
SGMRTR is about 429.7 nm/RIU.

The intrinsic detection limitation(iDL) of a refractive index
sensor is defined as iDL = λ/(SċQ), which can be considered
as the minimum index change required to shift the resonance
wavelength by one linewidth (Δλ3 dB). S is the sensitivity of
the sensor in nm/RIU. Q represents the quality factor. It is obvi-
ous that iDL is not only determined by the sensitivity but also by
the quality factor of the resonator. However, for the racetrack res-
onators with coupling length between 5.5 and 7.5 μm, the bulk
sensitivity remains almost the same. The quality factor, which
is a measure of the photon lifetime in the racetrack resonator,

Fig. 4. The iDLs and quality factors of the fabricated SGMRTRs with different
Lc. The quality factors were measured in DI water [30].

varies significantly as the coupling strength changes. Therefore,
we optimized the quality factor of the racetrack resonator to
achieve the lowest iDL. The iDLs and quality factors of the fab-
ricated SGMRTRs with different Lc are shown in Fig. 4. It can
be seen from the figure (Gaussian fit of quality factor and iDL for
different Lc) that the minimum iDL can be achieved when the
coupling length equals 6.5 μm and the Q is maximized. Through
coupling region optimization, a minimum iDL of 3.71 × 10−4

was demonstrated. The iDL is 32.5% lower than that in the TE
circular ring resonator of 5.5 × 10−4 RIU [27], [28]. The sen-
sitivity of the SGMRTR is also better than that of TM mode
strip waveguide ring resonators with waveguide thicknesses of
150 nm (247 nm/RIU) and 220 nm (238 nm/RIU) [27]. As in-
dicated in Ref. [10], the sensitivity can be further improved by
optimizing the dimensions of the silicon pillars.

III. HIGH SPEED SUBWAVELENGTH GRATING METAMATERIAL

HYBRID MODULATOR

Silicon photonics has been receiving considerable attention
due to its potential of leveraging semiconductor manufacture
technology to massively produce integrated photonic circuits at
a low cost [32]–[34]. However, as aforementioned, silicon is
also known for its lack of χ(2)-nonlinearity because of the cen-
trosymmetric lattice structure. The inversion symmetry could
possibly be broken by either strain [35], [36] or voltage [37],
[38], but the operating voltage is too high for on-chip appli-
cations. Thus, efficiently modulating photons on silicon chips
with small device footprint is not trivial. Many approaches have
been explored to address the challenge [33], [34], such as Pock-
els effect [39], electro-absorption(known as Franz-Keldysh ef-
fect in bulk semiconductor material and the quantum confined
stark effect in quantum-well structures) [40], [41], and plasma
dispersion effect [42]–[44]. Plasma dispersion effect is one of
the most promising candidates [42]–[44], but it not only mod-
ulates the phase but also the intensity, leading to a nonlinear
response. Although more than 50 Gb/s on-off keying (OOK)
has been reported recently [45], further reducing footprint and
power consumption while continuously increasing modulation
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speed becomes challenging due to the nature of the modula-
tion mechanism [46]. Thus, hybrid integration is a compelling
alternative.

Among all hybrid integrable materials [47], EO polymer is
particularly attractive because of its ultrahigh EO coefficient (r33
> 500 pm/V) [48], ultrafast response speed (<1 fs) [49], [50],
small wavelength dispersion, and spin-casting compatibility.
These properties can potentially improve device performance
in multiple aspects, including power consumption, modulation
speed, and fabrication complexity. Thus, silicon-organic hybrid
(SOH) modulator is proposed and studied in the hope of
combining the best of the two materials. In SOH platform, one
critical issue is that the footprint of SOH modulators is relatively
large [51]–[53], which not only significantly reduces integration
density but also prevents further improving energy efficiency
because of the large capacitance. For example, SOH modulators
with bandwidth over 100 GHz have been reported [44], [46], but
the millimeter-long phase shifter compromises the integration
density. Slow light, such as slot photonic crystals [54], [55], and
plasmonic devices [39], [56], is frequently used to effectively
shrink the phase shifter length but at the price of significantly
increased insertion loss [57]–[61]. In light of silicon microring
resonators, there is growing interest in building ring resonance
structures on the SOH platform [62]. Many waveguide structures
have been studied [63]–[69]. Strip waveguide based microring
resonators with EO polymer as top cladding has a radius of 40
μm [63], [70]. The performance of the devices is limited by the
small overlap between EO polymer and the guided mode [63],
[70]. Slot waveguide based ring resonators can increase the
mode volume overlap significantly but suffer from an ultra-high
loss of 35 dB/cm [62], [71]. The diameter of the slot waveguide
based ring resonator is as large as 60 μm [62]. These results
demonstrate that it is challenging to achieve compactness,
intense photon-matter interaction(large mode-volume overlap
factor), and low insertion loss simultaneously with conventional
waveguide structures. In this section, we introduce our recent
demonstration of the SGMRTR modulator which achieves
>40 GHz bandwidth and a compact footprint [8].

Fig. 5 shows the structure of the SGMRTR [7], which is
formed by a rectangular racetrack resonator with four rounded
corners side-coupled to an SGM bus waveguide. The shape of the
racetrack resonator is defined by the coupling length Lc, phase
shifter length La, and bending radius R, which are 9 μm, 50 μm,
and 10 μm, respectively. The four 90° bends at the corners are
made of trapezoidal shape pillars to minimize the bending loss
[11]. The modulator is fabricated on SOI with 220 nm Silicon
and 3 μm BOX. EO polymer SEO125 (Soluxra LLC) is applied
as the top cladding. To ensure the SGM structure operates in the
subwavelength regime, the period is selected to be 250 nm, and
the silicon segment length is 175 nm, corresponding to a duty
cycle of 0.7. The width of silicon pillars is 500 nm, which equals
the width of the strip waveguide to assure a lossless transition
from strip waveguide to SGM mode and vice versa. The mode
volume overlap with EO polymer is 36.2%, which is equivalent
to∼ nine times of the value of typical strip waveguides(∼4.0%).
SGM grating couplers were exploited to interface single mode

Fig. 5. Schematic of the SOH SGMRTR modulator, which is formed by an
SGM racetrack resonator side coupled with SGM bus waveguide. The device is
fabricated on SOI platform. Grating couplers are used to couple light into and
out of the modulator. Yelow: the coupling region between the racetrack and the
bus waveguide. Blue: The trapezoid SGM is used in bends at the four corners
to reduce bending loss so that a high quality factor can be achieved. Red: mode
converter is employed to convert the mode of conventional strip waveguide into
SGM mode and vice versa [8].

fibers [21], [22]. A rounded rectangular shape is leveraged to
enhance the coupling strength between the bus waveguide and
the racetrack resonator and thus assure high ER can be achieved.
As shown in Fig. 5, due to the compact size, the walk-off be-
tween electrical and optical signal is negligible. Thus, high speed
modulation can be readily achieved with lumped electrodes. It
has been proved that without 50 Ohm termination, lumped elec-
trodes can effectively reduce the power consumption compared
to traveling wave electrodes. The central width, gold thickness,
and gap of the electrodes are 25 μm, 2.4 μm, and 4 μm, respec-
tively. The SEM pictures of the fabricated SGMRTR are shown
as the insets of Fig. 5.

The transmission of the fabricated SGMRTR was also char-
acterized by a broadband source and optical spectrum analyzer.
To optimize the gap between bus waveguide and the ring, a set
of devices with different gaps were fabricated and measured to
experimentally optimize the coupling strength. The transmis-
sion spectra are summarized in Fig. 6(a). The maximum ER is
27.9 dB, corresponding to an edge-to-edge gap of 500 nm be-
tween the bus waveguide and the racetrack resonator. The EO
polymer is poled at 150 °C to align chromophore molecules.
To characterize the poling efficiency, DC voltage was applied
on the electrodes with a configuration shown in the inset of
Fig. 6(b). The redshift of the resonance was observed and plot-
ted in Fig. 6(b). The average resonance shift of 41.28 pm/V is
observed. Thus, from the EO effect Δn = 1

2r33n
3, the EO co-

efficient r33 is estimated to be 54.7 pm/V, corresponding to a
poling efficiency of 43.8% compared to the EO coefficient of
the bulk EO polymer.
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Fig. 6. (a) The normalized optical spectra when the gap between racetrack
resonator and bus waveguide equals 450 nm, 500 nm, 550 nm and 600 nm.
Inset: the magnified view of resonances between 1.56 and 1.57 µm. (b) The
resonance shift when different voltages are applied between the electrodes. Inset:
the electrode configuration of static testing [8].

The normalized small signal S21 response of the SGM-
RTR modulator is shown in Fig. 7(a). The 3-dB bandwidth is
41.4 GHz. The RF bandwidth was further verified by sidelobe
detection in the optical domain and the corresponding modu-
lation index. The measured optical transmission spectra of the
modulator operating at 8–26 GHz are shown in Fig. 7(b). The
modulation index versus frequency is shown in Fig. 7(c). The
modulation index is normalized to a 10 dBm launch power.
The equivalent circuit of the modulator is shown in the inset
of Fig. 7(c). Since lumped electrodes are exploited, the power
consumption is equivalent to charging and discharging two ca-
pacitors. The total capacitance is estimated to be 0.40 fF. Accord-
ing to Fig. 7(c), assuming Vpp = 5 V is selected, which corre-
sponds to a 6 dB on-off ratio, the power consumption of non-
return-to-zero (NRZ) modulation scheme can be estimated as
CV2/4 = 2.55 fJ/bit. The performance of the modulator can be
further improved by increasing the poling efficiency and shrink-
ing the size of the resonator. The poling efficiency is limited by
the electrical field intensity. Due to the rough sidewalls of the

Fig. 7. (a) The measured and normalized optical response versus the fre-
quency. (b) The measured optical transmission spectra of the modulator operat-
ing at 8–26 GHz. (c) The modulation index versus frequency. The modulation
index results are normalized to a 10 dBm launched power. The equivalent circuit
of the modulator is shown in the insert of (c) [8].

electrodes, the electrical field intensity must be kept low to avoid
breakdown, which leads to relatively small poling efficiency. Be-
sides, the EO polymer in the gap between silicon pillars may not
be poled effectively because the electric field intensity decreases
in this region as silicon is typically doped. The device footprint
can be reduced further by using shorter phase shifters.
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IV. CONCLUSION

In this paper, we summarize the recent progress of SGM-
RTR based devices. The extended coupling region in SGM-
RTRs can increase the ER and thus improve the iDL of
SGMRTR based sensors. SOH modulator with 41.4 GHz band-
width and 2.55 fJ/bit power consumption has also been demon-
strated. These results prove that SGMRTR is a promising vessel
for hybrid integration and sensing. The sensitivity of SGM based
devices including SGMRTR can be further improved by optimiz-
ing the dimensions of SGM [9], yet the maximum overlap factor
is ultimately limited by the asymmetricity of the material plat-
form. This limitation can possibly be solved by increasing the
symmetricity such as undercut etching and adding an overlay.
In addition to sensing, SGM can also be used for applications
requiring high optical intensity. For example, infiltrating SGM
with third-order nonlinear materials could generate energy ef-
fective all-optical components. Another opportunity is to study
the possibility of tuning both electrical and optical properties
simultaneously with the same SGM structure. For instance, the
minority carrier recombination in SOI relies heavily on surface
recombination, resulting in slow recombination rate. Therefore,
the carrier injection modulator and two-photon-absorption based
devices typically have limited speed. With much the significantly
larger surface-to-volume ratio, SGM could possibly yield a new
category of high speed and energy efficient devices.
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