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On-Chip Refractive Index Sensor With Ultra-High
Sensitivity Based on Sub-Wavelength Grating
Racetrack Microring Resonators and Vernier Effect

Li Liu"”, Zhihao Hu, Mengyuan Ye

Abstract—An approach to optimize the sensitivity and the limit
of detection of on-chip refractive index sensor is proposed and
demonstrated based on sub-wavelength grating racetrack micror-
ing resonator and Vernier effect. The sub-wavelength grating wave-
guide can reduce the structure limitation of the light field, which is
beneficial to enhancing the interaction between the photon and an-
alyte. By optimizing the parameters of the sub-wavelength grating
racetrack microring resonator, the sensitivity of the sensor could be
significantly improved to 664 nm/RIU. Subsequently, capitalizing
the Vernier effect, a two cascaded microring-based refractive index
sensor is designed. Owing to the Vernier effect, the wavelength
spacings among the overlapped peaks could be effectively amplified
more than ten times, leading to a high performance. The results
demonstrate that an ultra-high sensitivity of 7061 nm/RIU and a
low limit of detection of 1.74 x 10~ RIU. With the advantages of
ultra-high sensitivity and low limit of detection, the integrated de-
vice has important value in the fields of environmental monitoring
and biosensors.

Index Terms—On-chip optical sensors, sub-wavelength grating
microring, vernier effect, ultra-high sensitivity, low detection limit.

1. INTRODUCTION

N RECENT years, owing to the dominant advantages of
high refractive index contrast and complementary metal
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oxide semiconductor (COMS)-compatibility [1], [2], [3]. many
devices based on silicon-on-insulator (SOI) platform, have been
utilized to design refractive index sensors, such as microdisk
resonators [4], [5], [6]. microring resonators (MRR) [7], [8],
[9]1,[10],[11], [12]. and photonic crystal cavities [13], [14], [15],
[16]. In particular, microring resonators have been extensively
investigated as silicon photonic refractive index sensors due
to their design simplicity and ease of fabrication [17], [18].
However, the sensitivities of the refractive index sensors based
on the ordinary strip MRRs are required to be improved because
the interaction between the ordinary strip ring and the solution
is not strong. To solve this dilemma, many researchers have
proposed different optimization schemes for strip waveguide
microrings. Ultra-thin waveguide microrings [7], Bragg grating
microrings [19], [20]. slot waveguide microrings [21], [22],
[23], and photonic crystal waveguide microrings [24], [25] are
utilized to achieve refractive index sensors with sensitivities
of 133 nm/RIU [7], 297 nm/RIU [19], 298 nm/RIU [23], and
200 nm/RIU [24], respectively.

The sub-wavelength grating (SWG) waveguide microrings
[26], [27], [28] is a new type of silicon waveguide ring, which
consists of periodic silicon pillars with a period smaller than
the operating wavelength. As the contact area between the
analytes and the waveguide ring is enlarged, it is very beneficial
to enhance the interaction between the analyzed solution and
photons. Consequently, the sensitivity could be improved. An
SWG waveguide microring resonator (SWGMRR) realizes a
sensitivity of 520 nm/RIU [29]. In the SWGMRR, effective
sensing region includes not only the top and side of the wave-
guide, but also the space between the silicon pillars on the light
propagation path, which is beneficial to enhancing the contact
between light and medium. Another SWGMRR scheme based
on the Fano resonance demonstrates a sensitivity of 366 nm/RIU
[30]. A trapezoidal sub-wavelength grating waveguide micror-
ing resonator (T-SWGMRR) is proposed and the sensitivity of
440 nm/RIU is realized [31]. Considering the requirements of
high-precision detection in biomedical science and environmen-
tal monitoring, it is still highly desirable to achieve a refractive
index sensor with high sensitivity.

The Vernier effect has been widely utilized in optical sen-
sors [32], which could effectively improve the sensitivities
without requiring high-resolution measurement equipment. As
the wavelength shift of the sensing measurement is generally
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Fig. 1. (a) The structural diagram of SWGRMR, and (b) The structural
diagram of SWG waveguide. ng,p is the index of the substrate, and n; and
no refer to the indexes of cladding and Si waveguide, respectively.

small, a narrow line width tunable laser or a high-resolution
optical spectrum analyzer (OSA) is required [32]. In contrast,
the Vernier effect is effective to reduce the equipment resolu-
tion requirement with maintaining high measurement precision.
Even if the wavelength red-shift of the sensing resonance is
small, the actual measured wavelength shift could be multiplied
under the combined action of the sensing ring and the reference
ring (i.e., Vernier effect), which contributes to the effective sen-
sitivity improvement [32], [33], [34]. Consequently, by using the
Vernier effect, a high-sensitivity refractive index sensor without
requiring a narrow line width tunable laser or a high-resolution
OSA could be obtained.

In this paper, a sub-wavelength grating waveguide racetrack
microring resonator (SWGRMR) is optimized and further de-
signed as a cascaded double-microring refractive index sensor
based on the Vernier effect, which could obtain an ultra-high
sensitivity. In this case, the sensitivity and the limit of detection
(LOD) are improved to 7061 nm/RIU and 1.74 x 1075 RIU,
respectively. The high sensitivity is achieved with the solution
refractive index ranging from 1.333 to 1.3405.

II. THEORETICAL DESIGN OF THE SWGRMR STRUCTURE

The structure of the SWGRMR is shown in Fig. 1(a), and the
light cyan area represents the cladding region. Deionized waters
doped with different concentrations of glucose solutions are used
as the cladding material. The thick of the top silicon layer and
the buried oxide layer are 220 nm and 2 pm, respectively, as
shown in Fig. 1(b).

The structural parameters of the SWGRMR are labeled in
Fig. 2. The pillar width, the bent waveguide radius, the racetrack
length, the coupling gap, grating period and duty cycle of the
racetrack microring resonator are denoted as W, R, L., G, A and
1. respectively. The radius of the SWGRMR is chosen as R =
10 pum to guarantee low bending loss [35]. To make the SWG
waveguide operate in the sub-wavelength regime (A/A > 2n.g,
A= 1550nm), the period A is designed as 250 nm. Consequently,
the light could propagate between the voids and the silicon pillars
and avoid to be diffracted in the far field [36]. In order to realize
the optimal sensing performance, the critical parameters of f,
W, G, and L, are analyzed. The simulation conditions are set as
follows. The mesh size, the light source, the wavelength range
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Fig. 2. (a) Top view of the SWGRMR. (b) Magnified view of the box region
in (a), and (c) the basic unit of the SWG waveguide.

and simulation time are set as at least three, fundamental mode
light source, 1500 nm ~ 1600 nm and 300000 fs, respectively.
The device quality (Q) factor could be denoted by [27]

A"I‘(iS

- Arwam

Q (1)
where A,.s is the resonant wavelength of the cavity, and
Al pwrp is the full width at half maximum (FWHM) of reso-
nant peak.

The sensitivity of the SWGMRR could be expresses as [37]

A)\res
Sy =

Anc 2)
where An, is the refractive index change of the cladding solu-
tion, and AL is the red-shifts of resonant wavelength.

Fig. 3(a) shows the transmission spectrum of the designed
sensor with a duty cycle of 0.6. The free spectrum range (FSR)
is 13.3 nm. The sensitivities of the SWGRMR refractive index
sensor with different duty cycles are illustrated in Fig. 3(b).
Deionized water was used as the initial cladding. The electric
field distribution diagrams of SWG waveguide under different
duty cycles are shown in Fig. 3(c)—(e). The refractive index of the
glucose solution is ranging from 1.333 to 1.343 with a changing
step of 0.0025. By varying the refractive index of the surrounding
liquid, the shifts of the resonance peaks at different refractive
indices could be measured to derive the sensitivity of the SWG
ring. When the duty cycle is decreased from f = 0.8 to f = 0.6,
the overlap region between the analyte and the light becomes
larger, resulting in a stronger light-matter interaction. That is to
say it is an effective method to improve the sensitivity of the
sensor by reducing the duty cycle of SWG waveguide. It can
be predicted that reducing the duty cycle will further improve
the sensitivity. However, the larger propagation loss is caused by
small duty cycle, which leads to the reduction of Q factor and the
deterioration of LOD. Consequently, the duty cycle is designed
as 0.6 to get a trade-off between the sensitivity and LOD.

The SWG waveguide width is also a key parameter affecting
the sensitivity. The sensitivity (the blue line) and the Q factor



LIU et al.: ON-CHIP REFRACTIVE INDEX SENSOR WITH ULTRA-HIGH SENSITIVITY

a
. s W \} ( W (
£
g
= 0.6 |
«
-]
=
@
S 04
<
£
Bt
=l
Z ozt
0.0 - 1 1 1 L
1530 1540 1550 1560 1570 1580
Wavelength (nm)
720
~ 680 (b)
= —f =00
2 640 —f=0.7
= —f=0.8
E 600 ////‘
£ 560 EE o
2
- 520
=
@ 480 /
440 - X , . ) : )

1500 1520 1540 1560 1580

Wavelength (nm)

Fig.3. (a) The transmission spectrum of the designed sensor with a duty cycle
of 0.6, and (b) The sensitivities of the SWGRMR with different duty cycles. The
electric field distribution diagrams of SWG waveguide under (¢) f = 0.6, (d) f =
0.7, (e) f = 0.8, respectively.
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Fig. 4. The sensitivity and the Q factor of the SWGRMR under different

waveguide widths.

(the red line) of the device under different widths are illustrated
in Fig. 4. With the same SWG waveguide period and duty cycle,
the waveguide width is optimized to simultaneously obtain a
high sensitivity and a low LOD. With decreasing the waveguide
width, the light limitation of the SWGRMR would be weaker,
leading to a higher sensitivity and a lower Q factor. Hence the
waveguide width W is chosen as 400 nm to balance the device
sensitivity and LOD.

To investigate the relationship between the coupling gap G
and the performance, the gaps are analyzed as follows. Fig. 5
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shows the sensitivity (the blue line) and extinction ratio (ER)
(the red line) under different gaps. With adjusting the gaps, the
fluctuation range of the sensitivity could be neglected. On the
contrary, when the gap G is set as 260 nm, the SWGRMR can
realize the critical coupling and obtain the maximum ER, which
is beneficial for the sensing measurement.

Fig. 6 illustrates the Q factor of the SWGRMR under different
racetrack lengths (i.e., L, = 5.25 ym, 5.5 pm, 5.75 pm, 6 pum,
6.25 pm, 6.5 pm, 6.75 pm). When L. is chosen as 6.0 um,
the Q factor could realize the maximum value. In this case, the
corresponding resonant wavelength is 1542.29 nm.

III. SENSING SCHEMES AND RESULT
A. Single-SWGRMR Sensor

Fig. 7 shows the initial transmission spectrum of the device
in deionized water cladding. There are three resonance peaks
(i.e.,1529.14 nm, 1542.29 nm, and 1555.73 nm). The ER of
the peak at 1542.29 nm could realize 20 dB. As the Q factors
corresponding to the three resonant peaks are 12190, 15918 and
10087 respectively, the resonant peak of 1542.29 nm (the red
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Transmission spectrum of the SWGRMR with the deionized water

TABLE I
REFRACTIVE INDEXES OF THE GLUCOSE SOLUTIONS WITH DIFFERENT
CONCENTRATIONS AT 25 °C

Concentration Refractive index

0g/100ml 1333
2¢/100ml 1.3355
4g/100ml 1.338
6g/100ml 1.3405
8g/100ml 1.343

dashed box) is chosen to verify the performance. As the effective
refractive indices related to different wavelengths are not the
same [29], the resonance FWHM s are different. According to the
formula (1), the Q values corresponding to different wavelengths
are different.

The initial cladding structure was deionized water at 25 °C. To
explore the performance of the device in refractive index sensing,
the cladding substance is selected as glucose solutions with
different concentrations, whose refractive indexes at 25 °C are
shown in Table I. The glucose solution is convenient to prepare
a solution with a low refractive index change step. Moreover,
it has no corrosive effect on the device, which would not affect
the experimental results. By adjusting the concentration from
0g/100ml to 8g/100ml, the refractive index of the solutions could
be tuned from 1.333 to 1.343.

The LOD of the sensor can be calculated by [38]

)\'Tes
Sp X Q

where A, is the wavelength of resonance peak.

Fig. 8(a), shows the transmission spectra of the SWGRMR
refractive index sensor in the glucose solutions with different
concentrations. The initial transmission is illustrated as the black
line with the central wavelength of 1542.29 nm (the black line,
n1 = 1.333). By increasing the refractive indexes of the solution,
the device spectra would accordingly shift to 1543.96 nm (the
red line, ny = 1.3355), 1545.62 nm (the blue line, n3 = 1.338),
1547.27 nm (the green line, ny = 1.3405) and 1548.93 nm (the
purple line, n5 = 1.343), respectively. It means that a tiny change
in refractive index can cause a significant shift in the wavelength
of the resonant peak. By utilizing (1) and (2), the sensitivity and

LOD = 3
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Fig. 8. (a) The transmission spectra of the SWGRMR refractive index sensor
in the glucose solutions with different concentrations, and (b) The sensing
performance of the single SWGRMR sensor.

LOD of the device are 664 nm/RIU (as shown in Fig. 8(b))
and 1.43x10™* RIU, respectively. The three-dimensional finite-
difference time-domain (3D-FDTD) method is used to verify
the performance of the single ring sensor, and the difference
compared with the MODE simulation results is acceptable,
whose influence on the following sensor design incorporating
with the Vernier effect is tolerable.

The sensitivities of the proposed SWGRMR sensor are com-
pared to the other MRR-based schemes. On one side, the most
sensitivities are lower than 520 nm/RIU [[26], [[27], [28], [29],
[30], [31] while the sensitivity of the proposed sensor could
realize 664 nm/RIU. On the other side, the most required fab-
rication precisions are about 50 nm [26], [27], [28] and the
radii of the previous sensing rings are generally around tens
of micrometers [27], [28], [29], [30], [31], [32], [33], [34]. In
contrast, the required fabrication precision and the radius of the
proposed sensing ring is 100 nm and 10 pm, respectively.

Moreover, the sensitivity in ref. [39] is very high, but our
proposed sensor has some advantages. Firstly, the required
fabrication precision of the subwavelength grating double slot
waveguide resonator (GDSWGR) [39] is relatively high, as the
two slot widths and the various pillar gaps are required to be
50 nm. Secondly, the maximum ER of the GDSWG is 9.4 dB
and the operation wavelength is around 1700 nm. In contrast,
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Fig. 9. The schematic diagram of the cascaded double-microring sensor.

the minimum feature size, ER and the operation wavelength of
the propose sensor are 100 nm, 20 dB and around 1550 nm,
respectively. The designed device structure does not have high
requirements on the manufacturing process, which is required
processing technology of 100 nm precision. Consequently, the
proposed sensor could be fabricated on an SOI platform with
fabrication methods compatible with CMOS foundry standards
[40]. Furthermore, the proposed SWGRMR has a good manu-
facture tolerance on the sensing performance [41]. For instance,
when the coupling gap of the sensing ring is changed around the
optimum value of 30 nm, the sensitivity drops by at most 11%.

B. Cascaded Double-Microring Sensor

Although the sensitivity of the SWGRMR can be higher
than 600 nm/RIU, the sensitivity of the single-microring-based
refractive index sensor is difficult to exceed the order of
1500 nm/RIU. To solve the above problem, a new refractive
index sensor is designed by a cascaded double-microring struc-
ture, including a sensing MRR (i.e., SWGRMR) and a reference
MRR (a strip waveguide microring), as shown in Fig. 9. The
reference ring is chosen as ordinary strip MRR to reduce the
fabrication difficulty. The radius and the waveguide width are set
as 5 ym and 400 nm, respectively. The coupling gap is designed
as 160 nm to achieve a high ER and the racetrack length is chosen
as 3 um to obtain required FSRs and resonant wavelengths. As
discussed in part II, the radius, the waveguide width, the grating
period, the duty cycle, the coupling gap and the racetrack length
of the sensing ring are chosen as 8 um, 400 nm, 250 nm, 0.6,
260 nm and 6 pm, respectively. The taper length between the
silicon waveguide and SWG waveguide is 20 ym. The output
waveguide had better to be SWG waveguide to reduce the device
loss. For the double-ring device, the FSR of the Vernier effect
peaks is 179.89 nm.

During the verification process, the SWGRMR is exposed to
a solution sample to detect the change of refractive index in the
sensing window (i.e., the light blue box). The reference MRR
can provide a stable comb transmission spectrum for the sensing
MRR to achieve better sensing performance [32].

To obtain Vernier effect, the reference ring needs to be covered
by the cladding and only the sensing ring is in the sensing win-
dow. If the reference ring and the sensing ring are simultaneously
immersed in the liquid, the resonance peaks of the two rings
would be both shifted. In this case, it is difficult to precisely
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The drop-port transmission spectra of the cascaded double-microring sensor
when (¢) An. = 0 and (d) An. = 0.0025.

control the overlapping peak positions of the two MRRs, which
might result in no Vernier effect.
Theoretically, the sensitivity of a microring resonator can be

defined as
Ares
S, = Zres <8n€ff) )
Neff Bnc

here, A, is the central wavelength and n.g is the refractive
index of the waveguide.

In addition, when the cladding index changes, the n.g of the
SWG waveguide would be affected, which can be expressed as
[34]

8neff
on.

where An.g is the change of n.g, due to the cladding index
change An., and n.gy is the initial value at the 25 °C.

The free spectrum ranges of the sensing MRR (FSRs) and the
reference MRR (FSRp) are designed to be approximate (FSRg
< FSRpR). As shown in Fig. 10(a) and 10(b), when An. = 0, the
resonant wavelength Ag;) of the sensing MRR overlaps with
the resonant wavelength Ar;) of the reference MRR. Hence
the transmission spectrum of the cascaded double-microring ex-
hibits one peak at A.S (p(x) ), shown as the green line in Fig. 10(c).
When An, is adjusted to 0.0025, the resonant wavelength of
the sensing MRR would shift AXg, which makes the resonant
wavelength A5y 1) of the sensing MRR overlap with the reso-
nant wavelength A 4 1) of the reference MRR. Consequently,
the spectrum overlapped peak of the cascaded-microring moves
from Aprk) t0 Aprny1). Therefore, when An. changes, the
wavelength spacing between the two overlapped peaks of the
cascaded microring could be denoted by

Neff = Neffo + AnNeps = Nepro + Ane (5)

Arp, = Ahg + FSRg = FSRp 6)

The relationship between the changes of the cladding refrac-
tive index and the waveguide effective refractive index can be
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expressed as

A)\Sn _FSRR—FSRS
rs(i) P0)

Then combining formulas (3)—(6), the whole device sensitiv-
ity Sp, could be represented by
SDT _ A)"Dr _ FSRR E)neff )\.5(7:) _ FSb (8)
Anc FSRR—FSRS ann Neff
where F = FSRr/(FSRr — FSRy) is the amplification factor.
Consequently, the sensitivity of the whole device could be
amplified tens of times based on the Vernier effect of cascaded
microrings.

The output transmission spectra of the sensor in glucose
solutions with different concentrations (n.: 1.333~1.3405) are
shown in Fig. 11. An. = 0 corresponds to deionized water (the
refractive index is 1.333 at 25 °C), and the initial wavelength
and Q factor of the overlapped peak are 1494.46 nm and 12500,
respectively (the blue line). When the concentrations of the
glucose solutions are set as 1.3355 (An, = 0.0025), 1.338
(An, = 0.005), and 1.3405 (An. = 0.0075), the correspond-
ing shifted peak wavelengths are 1511.78 nm (the red line),
1529.41 nm (the cyan line), and 1547.53 nm (the green line),
respectively. Consequently, the sensitivity and the LOD of the
sensor are 7061 nm/RIU and 1.74 x 1073 RIU, respectively,
which has distinguished advantages for high-resolution envi-
ronmental monitoring and biosensor. Generally, the temperature
change around the room temperature is relatively weak, thus the
induced resonance red-shifts are small. Capitalizing the Vernier
effect, the temperature influence on the sensing measurement
could be significantly reduced. Moreover, the device tempera-
ture could be precisely controlled by utilizing a thermo electric
cooler.

The performance of recent MRR-based refractive index sen-
sors is shown in Table II. The sensitivities and LODs of the
microring-based sensors are not higher than 600 nm/RIU [29],
[30], [31], [42], [43]. and higher than 5 x 107> RIU [30],
[32], [44], respectively. The sensitivities of the refractive index
sensors can be significantly improved to 3456 nm/RIU [32],
5866 nm/RIU [33], 3000 nm/RIU [44] and 3552 nm/RIU [45] by

Anepy = negr (1)
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TABLE II
PERFORMANCE COMPARISON OF RECENT MICRORING REFRACTIVE INDEX
SENSORS WITH DIFFERENT TYPES OF WAVEGUIDES

Device Sensitivity LOD Radius

(nm/RIU) (RIU) (um)
SWGMRR [29] 520 N/A 30
Fano-SWGMRR [30] 366 4x10™* 5
T-SWGMRR [31] 440 N/A 10

Cascaded MRRs [32] 3456 1.15x107 264

Cascaded MRRs [33] 5866 N/A 128/132/138

Slot MRR [42] 476 1.05x10° 30
SWGMRR [43] 600 N/A 10

Mid-infrared MRRs [44] 3000 2x107 90/81
MRR-MZI [45] 3552 N/A 40
This work 7061 1.74x10° 8

two cascaded MRRs, three cascaded MRRs, mid-infrared MRRs
and MRR-Mach Zehnder interferometer (MZI), respectively.
However, the sizes of the above devices are relatively large [29],
[32], [33], [42], [44], [45]. Compared with the above devices,
the proposed cascaded double-microring sensor could realize an
ultrahigh sensitivity (7061 nm/RIU) and a low LOD (1.74 x
105 RIU). In the future, the demonstrated sensor has great
potential application value in on-chip optical systems [46], [47],
[48], [49].

IV. CONCLUSION

In summary, we designed and verified an SWG-based re-
fractive index sensor with ultra-high sensitivity and low detec-
tion limit. The parameters of the SWGRMR are analyzed and
optimized to improve the sensing performance. Consequently,
capitalizing the Vernier effect of the cascaded microrings, an
ultra-high sensitivity of 7061 nm/RIU and a low LOD of 1.74 x
107 RIU could be simultaneously achieved. The key inno-
vation in this manuscript is combining the designed compact
SWGRMR and the Vernier effect, which could dramatically
improve the sensitivity from hundreds of nm/RIU to thousands
of nm/RIU. To the best of our knowledge, it is the highest
sensitivity among the silicon-MRR-based schemes with such
a small size, which is competent to be applied in high-resolution
environmental monitoring and biosensor directions.
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