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ABSTRACT We propose a coupled-tolerant subwavelength photonic racetrack resonator (PRR) on the
silicon-on-insulator (SOI) platform, in which a subwavelength grating (SWG) PRR is coupled to a
symmetrical SWG bus waveguide. The material equivalent refractive index can be manipulated by the
SWG characteristic and thus an additional fabrication degree of freedom can be achieved. The resonant
characteristics can be improved significantly by controlling the pillar size and increasing the interaction
length between SWG racetrack and bus waveguide (RBW). The simulation results show that the PRR has a
high-quality factor and large extinction ratio around 1550nm. Two groups of SWG and strip waveguide (SW)
PRRs are fabricated. The fabrication tolerance is tested when fabrication error is changed from 0 to 20 nm
and the quality factor is more than 7000 in de-ionized water. The testing results show that the tolerance in
SWG-PRR has a 2.0-fold improvement than that in the SW-PRR. Then a fabricated SWG-PRR is employed
to monitor different concentration glycerol injected on the chip. An optimal quality factor of 9500 around
1550 nm and bulk sensitivity of 412±0.5 nm/RIU are achieved. Therefore, the structure is a potential
candidate for label-free sensing in medical diagnosis and environmental monitoring.

INDEX TERMS Subwavelength structures, gratings, optical sensing and sensors, integrated optics devices.

I. INTRODUCTION
Due to a low power, small size and high sensitivity, opti-
cal microring resonators are fundamental building blocks
in a broad range of applications in photonics, including
optical filters [1], [2], lasers [3], [4], amplifiers [5], multi-
plexers [6], [7], reflectors [8], modulators [9], [10] and sen-
sors [11]–[18]. Specially, optical microring resonators-based
devices have been found promising for the screening of
chemical compounds in drug discovery, medical diagnos-
tics, virus detection, food safety, and environment monitor-
ing [19]–[23]. However, the model and resonance spectral
features of microring resonators strongly depend on the geo-
metrical parameters and physical effects involved [24]. Thus,
it is extremely critical to shape the spectral responses by
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controlling of the coupling condition between the microrings
and waveguides. However, due to the fabrication error and
the change of refractive index, there is a challenge when the
radius is scaled down to a few micrometers [25]–[27].

Recently, subwavelength grating (SWG) is used to form
metamaterial engineered at a microscopic scale to obtain a
desired macroscopic phenomenon [28], [29]. On the silicon-
on-insulator (SOI) platform, SWG waveguide consists of
periodic silicon pillars with a low index material (such as
SiO2 [30], SU-8 polymer [31], air [32] or sensing solu-
tion [33]–[37]). The SWGperiod is smaller than the operating
wavelength, so the period structures frustrate diffraction and
behave like a homogeneous medium, in which Bragg con-
dition is not satisfied and radiative modes is confined [38].
Also, the light propagation is not only included around the top
and side of the waveguide, but also the space between the sili-
con pillars, so the SWG structure can increase the interaction
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FIGURE 1. (a) The 3D schematic of the proposed SWG-PRR
(subwavelength grating photonic racetrack resonator). (b) The magnified
image of the SWG bus waveguide in the black dashed box in xz plane
(y = 0). (c) The magnified image between the SWG bus waveguide and
racetrack waveguide in the purple dashed box in xz plane. (d) The
magnified image in the coupled region between the bus and racetrack
waveguide in xy plane. (e) The image at the middle of SWG bus
waveguide in yz plane (x = 0). Lc : coupling length. G: gap. 3: SWG period.
R: radius of racetrack resonator.

region between light and the sensing medium. Therefore,
a higher sensitivity is expected. However, for a SWG ring
resonator, the coupling length between the SWG bus waveg-
uide and ring resonator is near zero. It is extremely difficult
to manipulate the coupling coefficient with a certain gap and
silicon pillar size due to the fabrication error [39], [40].

In this article, compared with the strip waveguide (SW)
ring resonator and racetrack resonator (RTR) [25], [41], we
propose a SWGphotonic racetrack resonator (PRR), in which
the phase-matching condition is enhanced by manipulating
the material equivalent refractive index. We control the cou-
pling condition by manipulating the coupling length and the
size of silicon pillars to obtain high performance photonic
sensors. Compared with the SWG-PRR and SW-PRR, the tol-
erance for the fabrication error in SWG-PRR is 2.0 times
larger than that in the SW-PRR when a quality factor is more
than 7000 and fabrication error is varied from 0 to 20nm. The
design will alleviate the stringent requirements for roughness
control and lead to cost reduction in manufacturing.

II. DESIGN AND PRINCIPLE
As an integrated optical sensor, the SWG-PRR in SOI plat-
form is primarily designed to detect the change of refractive
index (RI) in the solution. The 3D schematic of the pro-
posed SWG-PRR is shown in Fig. 1(a). The origin of the
coordinates are the center of SWG bus waveguide (S-BW)
in the x, y and z directions. Figure 1(b) is the magnified
image of the SWG bus waveguide in the black dashed box
in xz plane (y = 0). Figure 1(c) represents the partially
direction coupling (DC) region between the SWG racetrack
and bus waveguide (RBW) in the purple dashed box in xz
plane. Figure 1(d) is the magnified image in the coupled
region between the RBW in xy plane. Figure 1(e) is the
image at the middle of SWG bus waveguide (x = 0) in

yz plane. The blue partially transparent region on top of the
RTR represents the sensing medium with the RI (nc), and the
substrate is SiO2. The green pillars are silicon (Si) pillars
and constitute the SWG bus waveguide. The period (3) of
SWG is 200 nm, which satisfies the condition λ/3 >2neff
(λ = 1550 nm). Therefore, the structure operates in the sub-
wavelength regime and behaves like a conventional waveg-
uide [42]. The structural parameters are marked in Fig. 1.
The radius (R) is 10µm. l, w and h are the length, width
and thickness of silicon (Si) pillars, respectively. Lc and G
represent the coupling length and the gap between the RBW
and RTR, respectively. The light is entered from the left and
output in the right. The coupling efficiency can be precisely
controlled by adjusting the size of silicon pillars, the coupling
length and gap. Specially, the RTR becomes a ring resonator
when the coupling length Lc equals zero.

As shown in Fig.1(b), the basic transmission properties of
an all-pass racetrack resonator can be given by [43]

T(λ) =
Ipass
Iinput

=
a2 − 2atcos (ϕ)+ t2

1− 2atcos (ϕ)+ (at)2
(1)

a is the single-pass amplitude transmission loss factor, includ-
ing the propagation loss in the DC region and racetrack
region, and can be calculated by the power attenuation
coefficient α,

a2 = e−iαL (2)

L is the perimeter of the racetrack resonator, and obtained by

L = 2πR+ 2Lc (3)

t is the self-coupling coefficient of DC in Eq. (1). Similarly,
k can be defined as the cross-coupling coefficient between
racetrack and bus waveguide. If there is a negligible optical
loss, t and k are assumed to satisfy:

t2 + k2 = 1 (4)

ϕ is the single-pass phase shift, and is defined as:

ϕ = βL =
2πneff L
λ

(5)

β is the propagation constant of the ring resonator mode,
and neff is the effective refractive index. The resonance of
racetrack resonator can be observed when the ϕ is equal to a
multiple of 2π , that is,

λm =
neff L
m

, m = 1, 2, 3 . . . (6)

Considering the dispersion in the cladding analytes,
the change of resonant wavelength (1λres) becomes: [24]

1λres =
L
m

[(
δneff
δnc

)
1c+

(
δneff
δnλ

)
1λ

]
=
λres

ng

(
δneff
δnc

)
1c (7)

1ng = 1neff − λ
(
δ1neff
δλ

)
(8)
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nc represents the RI of cladding analytes. As shown in Eq. (7),
the 1λres is related to the change of effective RI with regard
to the change of the cladding and the resonant wavelength.

Based on Eq. (1), to achieve the zero transmission at res-
onance in the high dispersion analytes, the critical coupling
condition can be obtained when the coupled power equals the
power loss in the racetrack ring. That is:

1− a2 = k2or a = t (9)

Therefore, a strong resonance can be obtained by achieving
a desired cross-coupling coefficient (k(λres)), which can be
expressed by analyzing the symmetric and anti-symmetric
super-modes [44]:

k(λ) = sin[
π1n(λ)Lc

λ
] (10)

where the change of RI with wavelength can be given by [45]

1n(λ) = nseff (λ)− n
as
eff (λ) (11)

where nseff (λ) and n
as
eff (λ) are the effective refractive indices

of the symmetric and asymmetric modes, respectively.
Assumed the optical losses keeps constant in coupling region
of racetrack and bus waveguide, and the critically coupled
resonant wavelength can be obtained by

λres =
πLc1n(λres)
arcsin[k(λres)]

(12)

Therefore, the change of λres is determined by the change
among Lc, 1n(λres) and k(λres). Based on Eq. (10), the slope
of wavelength dependent cross-coupling coefficient can be
derived by

dk
dλ
=
πLc
λ2

(
λd1n (λ)

dλ
−1n(λ))cos[

π1n(λ)Lc
λ

] (13)

Considering the critically coupled resonant wavelength, com-
bined with Eq. (8), the Eq. (13) can be derived by

dk
dλ
|
λ=λres

= −
πLc
λ2res

1ng
√
1− κ2res (14)

Combined with the Eqs. (12)-(14), the change of the cross-
coupling coefficient and resonant wavelength is mostly dom-
inated by the change of coupling length Lc. Based on Eq. (10),
the cross-coupling coefficient (k(λres)) can be achieved by
increasing the coupling length Lc to satisfy the formula:

k(λres) = sin[kπ +
π1n(λ)Lkc

λ
] (15)

Equation (15) can be re-arranged by

Lkc = arc sin [k (λres)]
λres

π1n (λres)
+

λres

1n (λres)
k = 0, 1, 2, 3 . . . (16)

Therefore, combined with the simulation calculations, under
certain pillar size and gap between the racetrack and bus
waveguide, we can adjust the coupling length to precisely
control the cross-coupling coefficient so that the critically
coupled resonance is achieved in the RTR [46].

FIGURE 2. (a) The equivalent refractive indices (nEq) of SWG for different
duty cycle; (b) The effective indices of different waveguide width when
the nEq = strip waveguide (3.476), 2.195, 1.975, 1.802, respectively.

The subwavelength grating period in the z axis is smaller
than the wavelength of the propagation light, which allows to
employ effective medium theory (EMT) at the zeroth-order
to approximate the structure [47]. The zeroth-order approxi-
mation is only accurate when the period-to-wavelength ratio
(3•neff /λ) is much smaller than 1. Whereas more accurate
approximations employing the second-order EMT may be
used when the subwavelength period is of the same order
as the wavelength in the medium [48]. The formulas of the
zero- and second- order approximations of TEmodes, and the
zero- order approximation of TMmode are expressed by [47]

1

nTE0Eq

= [
fsi
n2si
+

1− fsi
n2clad

]
1
2

(17)

nTM0
Eq = [fsin2si+(1− fsi)n

2
clad ]

1
2 (18)

nTE2Eq = nTE0Eq
[
1+

π2

3
32

λ2
f 2si (1− fsi)

2
(
n2si − n

2
clad

)2
× (nTM0

Eq )
2
(
(nTE0Eq )

2

n2sin
2
clad

)

2] 1
2 (19)

The equivalent refractive indices are dependent on silicon
duty cycle. The Si duty cycle (η) is defined as the l dividing
by 3. The zero- and second- order approximations of TE
modes are shown in Fig. 2(a). As shown in Fig. 2(a), the
second-order approximation of TE mode gives more accurate
results for the subwavelength grating waveguide when the η
equals 0.7 [47], [49]. Figure 2(b) is the effective refractive
indices for different equivalent refractive indices with differ-
ent SWG width. As shown in Fig. 2(b), the effective RI’s
dependency on waveguide width are significantly different
between SWG and the conventional strip waveguide. The
slope of curve for SWG is much smaller than the curve for the
strip waveguide. Consequently, the phase-matching condition
for the strip waveguide will be more sensitive to fabrication
variations of the waveguide’s width, and will be difficult to
precisely control coupling coefficient [50]. Thus, a low rate
of change for the effective RI can be achieved when SWG
waveguide width is changed. As a result, it is easier to satisfy
the coupling condition between racetrack and bus waveguide.

III. DEVICE SIMULATION AND ANALYSIS
To analyze the electric field in the SWG waveguide
around 1550 nm, TE mode profiles are simulated in
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FIGURE 3. Electric fields intensity distribution of TE mode in xy plane at
blue (a) and red (b) dashed line position in Fig. 1(b). Electric fields
intensity distribution of TE mode in xy plane in blue (c) and red (d)
dashed line position in Fig. 1(c).

RSoft BandSOLVE. The electric field in the SWG bus
waveguide (blue and red dash line in Fig. 1(b)) in xy plane
are shown in Figs. 3(a) and (b), respectively. TE mode
profiles at blue and red dash line between SWG racetrack
and bus waveguide in xy plane in Fig. 1(c) are shown in
Figs. 3(c) and 3(d). The dimensions of the silicon pillar in this
simulation are l = 140 nm, w = 600nm, and h = 220nm.
The Si duty cycle (η) is 0.7. As seen in Fig. 3, the electric
field extends into the low refractive index materials in xy
plane. Specially, the light is squeezed within the slot between
the SWG racetrack and bus waveguide. Therefore, due to the
fabrication roughness, the distribution of the light in the slot
is intensively affected by the change of Si pillars.

We analyze the quality factor (Q) and extinction ratio of the
transmission spectra with the change of the dimension of Si
pillars based on our previous work [35]. For the silicon pillars
in the subwavelength grating racetrack resonator, the grat-
ing period is the same as the bus waveguide. The coupling
strength and loss are severely affected by the width and length
of pillars, the coupling length and gap between SWG-RBW,
and radiation loss, etc. The simulations are performed with a
non-uniform grid to achieve a good accuracy with a reason-
able computational workload. The RBW is discretized with
1x/1y/1z = 5 nm. The grid spacing is gradually increased
up to 50 nm for the sensing medium region. Through a
parameter scanning in simulation calculations, the Lc and G
between the RBW are 8µm and 100 nm to achieve a high
quality factor and extinction ratio when l = 140 nm, w =
600nm, and h = 220nm.
The normalized transmissions for different deviation

(0 and 20 nm) of pillar width (nEq = 2.195) are shown in
Fig. 4(a). The quality (Q) factors as a function of the pillars
width variation (σS) are shown in Fig. 4(b). As seen, the sim-
ulation results show that the Q factor and extinction ratio is
large when the pillars width isn’t deviated. Whereas that is
low when the deviation is increased when the nEq of the SWG
waveguide is the same in Fig. 4(a). As mentioned earlier, the
accuracy of critically coupling condition is dis-satisfied with
the change of pillars size [27]. Specially, the variance of Q
factor is remarkably different for different nEq waveguide.
To maintain a low-quality factor with resonators better than

FIGURE 4. (a) The normalized transmission for the deviation (0 and
20 nm) of pillars width when the nEq of the SWG waveguide is 2.195. The
red dashed curve is shifted by 1nm deliberately to show clearly. (b) The Q
factors for different nEq waveguide with the variance of pillars width.

7000 at the central wavelength of 1550nm, it is required
to maintain the σS is less than 14.8nm, 34.5nm, 30.6nm,
21.2nm, for the strip waveguide and nEq = 2.195, 1.975,
1.802, respectively. The maximum tolerance of the variance
for pillars width is achieved at nEq = 2.195 (η = 0.7), where
the maximum Q factor is achieved. Compared with the strip
waveguide, the proposed design has a 2.3-fold improvement
in the tolerance of pillars size. Furthermore, the variance
of extinction ratio is similar to the variance of Q factor for
different waveguide [51]. Therefore, according to the Eq. (10)
and Fig. 4, the fabrication tolerance of SWGwaveguide width
can be remarkably improved by engineering the material
refractive index of the SWG waveguide [35].

IV. DEVICES FABRICATION AND RESULTS
The proposed SWG-PRR are demonstrated on a SOI wafer
with 220 nm thick top silicon layer and 3µm buried
oxide (BOX) layer. The device is exposed by the e-beam
lithography (EBL), and an inductively coupled plasma reac-
tive ion etching (RIE) process with HBr and Cl2 is employed
to transfer the pattern to silicon layer, in which an acceptable
roughness over the silicon slits roughness and nearly vertical
side-walls (angle > 88◦) is accomplished [52], [53]. Some
deviations in the fabrication of resonators are expected due to
the unavoidable errors, including the variation of waveguide
width and gap, slanted waveguide side-walls, etc. We fab-
ricate the devices to obtain the optimal characteristic by
scanning the parameter considering the proximity effects.

Based on the simulation results, we fabricated two groups
of SWG-PRRs and SW-PRRs by scanning the parameters,
respectively. Figures 5(a) and 5(d) show the scanning electron
microscopy (SEM) images of a fabricated SWG-PRR and
a SW-PRR. Figures 5(b) and 5(c) are the magnified SEM
images of the part coupling region of the RBW and the
right taper from the strip waveguide to the SWG waveguide,
respectively. Figure 5(e) is the magnified SEM image of the
part coupling region between the strip RBW. Figure 5(f) is
the magnified SEM image of the strip waveguide. As shown
in Fig. 5, the coupling length between racetrack and bus
waveguide is 8µm, and the radius of the RTR is 10µm.
To enhance the coupling efficiency and reduce the mode cou-
pling loss between the strip and SWG waveguide, we design
a tapered waveguide of 40 µm to change gradually the SW to
SWGwaveguide, and a tapered width of the SW (about 6mm
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FIGURE 5. (a) The SEM image of a fabricated SWG-PRR. (b) The magnified
SEM images between the RBW and (c) the right taper from the SW to the
SWG waveguide. (d) The SEM image of a fabricated SW-PRR (strip
waveguide photonic racetrack resonator). (e) The magnified SEM image
between the strip RBW. (f) The magnified SEM image of the SW.

FIGURE 6. The testing schematic of the proposed PRR. PDMS:
Polydimethylsiloxane.

of length) from 20 µm at the position of grating coupler to
600nm at the begin of tapered waveguide is designed. Sim-
ilarly, compare with the PRR, the coupling length between
strip RBW is also 8µm, and the radius is 10µm. To satisfy the
modematch, the width of the SW is tapered from 20µmat the
position of grating coupler to 600nm at the straight waveguide
before the coupling region.

The testing schematic of the proposed PRR is shown
in Fig. 6, in which the devices include a 1550 nm super lumi-
nescent LED (SLED) source, an optical spectrum analyzer
(OSA), the fabricated PRR, a Polydimethylsiloxane (PDMS)
microfluidic channel, an optical switch and a power meter.
Besides, an automation alignment stage on a temperature
controller is also included in the testing process. The fiber
and grating coupler are aligned by the automation alignment
stage. Light from the SLED is inputted from one terminal of
the fiber array, then is coupled to the TE grating coupler on
the chip. After the light goes through the resonator, the output
light is collected by another terminal of fiber array, and the
whole system is connected to an OSA to capture the optical
spectra. A PDMS microfluidic channel is integrated on the
stage in which the solution is pumped and flowed onto the
sensing chip at a controlled flow rate. The temperature Con-
troller thermally controls the temperature of the sensing stage
to avoid temperature-induced resonance shift in the sensing
process.

The fabricated SWG-PRRs and SW-PRRs are first mea-
sured in de-ionized (DI) water. The quality factors are firstly
analyzed for the two groups of the fabricated PRRs, and the
tested results are shown in Fig. 7. The insets are the SEM
images for different coupling gap between the subwavelength

FIGURE 7. The tested quality factors for the SWG-PRRs and SW-PRRs with
different simulated fabrication variation.

racetrack and bus waveguide, the coupling gap between the
strip racetrack and bus waveguide, respectively. As shown
in Fig. 7, the quality factors estimated from the full width at
half maximum (FWHM) of the resonance in aqueous solution
are changedwith the change of simulated fabricated variation.
The quality factors are decreased when the gaps are deviated
from the optimal distance for the two groups of PRRs. The
tested errors are relatively large for different devices with
the same gap due to the influence of the fabrication and
error estimation in aqueous solution, whereas the influence
of the deviation for the SW-PRRs becomes worse compared
with the SWG-PRRs. The maximum quality factor for the
fabricated PRR is about 9.5 × 10 3, which is lower than the
simulation result. However, the tolerance for the SWG-PRR
is about 24.7 nm when the quality factor is more than
7 × 10 3, whereas it is about 12.3 nm for the SW-PRR. The
proposed design has about 2.0-fold improvement in the tol-
erance. The tolerance in fabrication is slightly different with
the result in simulation. The fabrication induced roughness
and the error estimation of the resonance are the possible
reason for the discrepancy between the simulation and the
fabrication. As shown in Fig. 7, the maximum quality factor
of∼ 9.45×10 3 for the SW-PRR (the roughness of fabrication
is 0 nm) tested in aqueous solution is less than that of SWG-
PRR, which is also less than the maximum value reported
for strip waveguide microring resonators [54]. To compare
the variation trend with the fabrication error, the coupling
length of the fabricated SWG-PRR and SW-PRR is the same
and the critical coupling condition for SW-PRR may be not
satisfied. However, the variation trend of quality factor with
the deviation of fabrication is the same.

The transmission spectrum of a fabricated SWG-PRR is
shown in Fig. 8. As seen in Fig. 8, the optimal quality factor
and extinction ratio of the fabricated SWG-PRR are achieved
near 1550 nm when Lc = 8µm, G = 100nm, l = 140 nm,
w = 600nm, and h = 220nm, respectively. A quality factor of
∼9500 at 1545.0nm is obtained by estimating the full-width
at half-maximum (FWHM) of the resonance, and the extinc-
tion ratio is about 14.8dB. The free spectral range (SPR) is
about 10.0nm.
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FIGURE 8. The transmission spectra of a fabricated SWG-PRR and a
SW-PRR measured in DI water. The transmission spectrum of the SW-PRR
is shifted by 1nm deliberately to show clearly.

FIGURE 9. (a) The results of the resonance shift for a fabricated SWG-PRR
with the monitored time continuously when different concentration
glycerol is injected on the chip. (b) The linear fitting plot of the resonance
shifts.

For effective assessment of the ability in biochemical
sensing, the different concentration glycerol is consecu-
tively injected onto the surface of the fabricated chips with
microfluidic channels. The sensitivity of a SWG-PRR is
acquired by monitoring the resonance shift. The chip stage
is kept at 25◦C with a temperature controller. The results
monitored by injecting a gradually increased concentration
glycerol are shown in Fig. 9(a). As seen, the trend means that
the resonance is pushed gradually to a higher-wavelength.
The pink regions are the period when new concentration
of glycerol solution is inputted gradually, then the solution
concentration is increased. The resonance is changed consec-
utively with a red-shift when a higher-concentration glycerol
is employed, and the concentration covering on the chip is
increased. Then the resonance is kept at a constant when the
concentration covered on the chip is steady. The refractive
indices for 0%, 5%, 10%, and 20% glycerol in the solu-
tions are 1.333, 1.340, 1.347 and 1.362, respectively, [55].
Figure 9(b) is the linear fitting of the shift with respect to the
change of refractive index of glycerol. The bulk sensitivity
(Sb) of the fabricated SWG-PRR is about 412±0.5nm/RIU
(refractive index unit). The intrinsic detection limit (iDL):
iDL= 1nmin = λres/Q•Sb = 3.94 × 10 −4RIU. The iDL
is the minimum index change (1nmin) required to shift the
resonance wavelength by one linewidth (1λ3dB). Compared
with the photonic crystal sensors [56], [57], the proposed
SWG-PRR possesses a superiority on-chip sensing due to

a large light-matter interaction and higher-sensitivity. Fur-
thermore, the sensitivity of the proposed SWG-PRR can be
further enhanced by increasing the mode volume overlap to
decrease the pillar duty cycle, the width and the thickness of
SWG pillars. However, the challenge of fabrication will be
also increased with the decrease of pillar size. The optical
loss, especially absorption loss and scattering loss in aqueous
solution, will increase inevitably, which can be suppressed by
moving to a shorter wavelength of 1310 nm, and the sensor
devices would suffer about an order of magnitude less of the
absorption loss [24].

V. CONCLUSION
A fabrication-tolerant subwavelength grating photonic race-
track resonator on the SOI platform has been designed and
experimentally demonstrated. The SWG period structure was
employed to obtain an additional fabrication degree of free-
dom by manipulating the SWG’s equivalent refractive index.
The optimal quality factor and extinction ratio of the fabri-
cated SWG-PRR has been achieved near 1550 nmwhen Lc =
8µm, G = 100nm, l = 140 nm, w = 600nm, and h =
220nm, respectively. The testing results showed that the fab-
rication tolerance for the SWG-PRR has a 2.0-fold improve-
ment than that in the strip waveguide PRR. A quality factor
of 9500 around 1550 nm and sensitivity of 412±0.5nm/RIU
in sensing medium are achieved. Therefore, the proposed
recipe provides a potential solution for fabrication-tolerance
PRRs based on the subwavelength period structure, and alle-
viate the stringent requirements of roughness control and
reduce the costs in manufacturing for on-chip biochemical
sensing.
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