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Abstract

We propose a highly sensitive optical sensor which is built from silicon nanowires. The silicon nanowires are arranged to
form a ring resonator. The silicon nanowires cladding and voids are filled with the analyte. The sensor has a small footprint
of 16 pmx 16.5 pm. The insertion loss of the sensor is only 0.4 dB, while it is characterized by its high sensitivity of 430 nm/
RIU. As a biosensor, our device showed a 100 nm/RIU sensitivity when a thin biolayer of 10 nm thickness is attached to the

silicon nanowire structures.

1 Introduction

Silicon on insulator “SOI” waveguides are the most com-
monly used type of waveguides in photonic components
and devices because of their low losses and complementary
metal oxide semiconductor “CMOS” fabrication compatibil-
ity [1, 2]. In SOI waveguides, the majority of the photonic
mode is confined in the silicon core, while an exponentially
decaying evanescent tail extends through the cladding,
quantified by the confinement factor [3]. Thus, the effective
refractive index of the guided mode is defined by the silicon
core index with minimum contribution from the surrounding
medium. However, in applications such as optical modula-
tors and sensors, it is usually needed to increase the overlap
between the photonic mode and the surrounding medium
“cladding”. In this context, it is reasonable to discuss the
plasmonic [4, 5] and silicon nanowires “SiNWs” platforms
[6, 7].

The plasmonic platform enables the confinement and
enhancement of fields at metal-dielectric interfaces, and in
slot waveguides [8]. Thus, plasmonic sensors benefit from
the strong interaction between the effective mode and the
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analyte in contact with the metal surface [9]. The SiINWs
platform, which is built of arrays of SINWSs on an insula-
tor substrate, is characterized by having voids between the
SiNWs [10]. So, SiNWs sensors benefit from the diffusion
of the analyte through these voids, as well as the cladding.

However, the SINWs platform has two main advantages
when compared with the plasmonic platform. First, plas-
monics are usually associated with high losses due to the
large free electron density in metals and doped semiconduc-
tors [11], such high losses are not observed in SINWs. Sec-
ond, in contrast to plasmonic materials, SINWs are CMOS
compatible. This enables the integration of the photonic and
electronic components on the same chip, since they are both
fabricated by the CMOS fabrication technology [12].

Moreover, various applications have been developed
using the SINWs platform such as routers [13], and sensors
[14]. The propagation loss of SINWs waveguides is neg-
ligible when compared with the bend loss. Since at sharp
bends, the electromagnetic energy may escape through the
poorly guiding voids, different parameters of SINWs should
be carefully studied such as the nanowire diameter, pitch,
height, and bend radius [15].

Hereby, we demonstrate a fully compatible CMOS optical
sensor. The sensor is based on the ring resonator mechanism.
The sensor is built of SINW arrays on SiO, substrate, the
SiNWs are arranged to form a ring structure. A commercial-
grade simulator eigenmode solver and propagator [16] was
used to analyze the modes and effective index. A 3D simula-
tor based on the finite difference time domain method [17]
was used to study the sensor performance in terms of its
spectrum, extinction ratio, insertion loss, resonator Q-factor,
and sensitivity.

@ Springer


https://core.ac.uk/display/294758912?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://orcid.org/0000-0003-3997-1739
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-019-2942-9&domain=pdf

769 Page2of6

S. M. Sherif et al.

1.0
[0.8
—0.6

=04
IO.Q
0.0

Fig. 1 Electric field distribution (Re{Ez}) for a conventional SOI, b
design A, and ¢ design B

2 SiNWs and SOl waveguides

In our previous work on SiNWs waveguides, we have
developed a directional coupler-based optical router [13].
The insertion loss of that device was limited to 1.3 dB. The
cross-section of the router was designed using 3 SiNWs,
with equal diameter 100 nm, pitch 200 nm, and height of
600 nm. For convention, we will call this platform “design
A” while our newly proposed platform in this paper is
“design B”, as shown in Fig. 1. In the directional cou-
pler, there were no worries about the bend loss, since the
directional coupler had no bends. However, in this present
work, we are building a SINWs sensor which utilizes the
ring resonator mechanism. Thus, bend loss should be taken
into account.

In general, we may need to increase the Si existence and
reduce free space (voids), to reduce the radiation of optical
power at the bends, i.e. decreases the bend loss. In par-
ticular, we may need to increase the number, diameter of
the SINWs, and/or decrease the pitch. So, we need a com-
promise between the bend loss, and the sensitivity of the
sensor. On one hand, increasing the voids and reducing Si
results in higher interaction of the photonic mode with the
analyte which leads to higher sensitivity, but higher bend
loss. On the other hand, decreasing the voids and increas-
ing the Si results in lower bend loss, but it decreases the
sensitivity of the sensor.

The height of 600 nm remained constant between
design A and design B. Shorter nanowires are more dif-
ficult to fabricate using the suggested fabrication methods
(see Sect. 3.2). Longer nanowires would require the use of
a taller input waveguide, which would likely support more
than one mode, which is undesirable. We start the optimi-
zation of the sensor by considering design A, however,
the large voids of 100 nm results in high radiation at the
bends, with minimal optical power detected at the output
such that the insertion loss reaches 5 dB, such design is
inefficient for its huge power loss Thus, it is obvious that
we need to increase the Si content on the expense of the
voids between the SiINWSs. Therefore we decreased the
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Fig. 2 Effective index percentage change with the change in the clad-
ding (analyte) index at 1.55 pm wavelength

pitch from 200 to 150 nm, such that the distance between
two adjacent nanowires is 50 nm, and we increased the
number of SiINWs from 3 to 4 as shown in Fig. lc.

We further investigate one more design (design C) of four
SiNWs and 25 nm spacing between two adjacent nanow-
ires, this design results in a small insertion loss of 0.4 dB.
However, design C is challenging in terms of fabrication
feasibility because of its small spacing of 25 nm, and also
its measured sensitivity is limited to 400 nm/RIU which is
less than that of design B (430 nm/RIU) as will be discussed
later.

The sensitivity of the sensor is strongly dependent on the
interaction of the effective mode with the analyte. This can
be quantified by measuring the effective index change in
response to changes in the analyte index. The electric field
distribution within the SOI, design A, design B waveguides
are shown in Fig. 1. Figure 2 shows that the effective index
response to the analyte index change is minimal for the SOI
as expected, while it is higher for design A than design B.

3 SiNW ring resonator
3.1 Device structure

Figure 3a shows the 3D design of the SINW ring resona-
tor, while Fig. 3b shows the cross-section of the resonator.
The refractive indices used are 1.45 for SiO,, and 3.45 for
Si, while the voids and cladding index is initially set to 1
at A=1.55 pm. The bus waveguide width and height are
100 nm, and 600 nm, respectively. The thickness of the SiO,
is 3 pm.

Figure 4 shows the electric field confinement in the reso-
nators built from both designs. Design A needed a racetrack
resonator structure of 6 pm coupling length to achieve criti-
cal coupling to the resonator. It can be observed that design
A suffers from power leakage at the bends, while design B
strongly guide the optical power through the bends. Quanti-
tatively, at 1.55 pm wavelength, the insertion loss of Design
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Fig.3 Schematic layout of the SINWS ring resonator sensor: a per-
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Fig.4 Electric field distribution IE,| in the ring resonators: a design

A: 3 nanowires of 100 nm diameter each, and 100 nm spacing, and
b design B: 4 nanowires of 100 nm diameter each and 50 nm spacing

A is 3 dB, while that of Design B is only 0.4 dB. Thus,
design B was favored over design A because of the high
bend loss and insertion loss of design A.

3.2 Fabrication procedure

This section suggests different fabrication methods. Silicon
nanowires are patterned on a SOI wafer with device layer
of 600 nm height using E-beam lithography or nanosphere
lithography, followed by deep reactive ion etching [18, 19]
as shown in Fig. 5.

Figure 5a shows the typical E-beam lithography sequence
and reactive ion etching. Figure 5b shows lithography steps

that are achievable using deep UV lithography without
resorting to complicated double patterning techniques, arriv-
ing at a ring that is based on regular solid SOI waveguide.
Figure 5c shows how to convert the waveguide to be based
on vertical nanowires instead of the solid waveguide. Alter-
natively, it is possible to convert the ring that is based on
regular solid waveguide to the vertical nanowire platform
by replacing the nanosphere lithography step in Fig. 5b with
metal-assisted chemical etching (MACE) or laser excimer
method. Figure 6 shows exemplary SEM images of such
nanowires from our preliminary fabrication trials using the
fabrication protocols detailed at [20-22] and [23] for MACE
and laser excimer, respectively. In Fig. 6a, the oxide layer
is clearly visible.
In Fig. 6b, a regular n-type silicon substrate was used.

4 Results and discussion
4.1 Device optimization

The bus waveguide is excited with a TM wave, the effective
index measured is 1.66. The optical power couples from the
bus waveguide to the ring resonator. Figure 7a shows the
extinction ratio as a function of the gap distance between
the bus waveguide and the ring resonator, at a ring radius of
5 pm (ER = 10log(1/P,,)), where P, is the output power.

Also, the Q-factor of the resonator was calculated for dif-
ferent gaps, Q = 4/AA, where A4 is the full width at half
maximum of the 1.55 pm resonance. For gaps larger than
200 nm, the Q-factor increases as shown in Fig. 7b, but
their corresponding ER increases. In other words, as the gap
increases, the resonances become sharper, while less power
is coupled to the resonator. Thus, the gap was set to 200 nm
to achieve critical coupling, resulting in a Q-factor of 310.

The insertion loss of the sensor, shown in Fig. 8, is the
sum of the bend loss and the propagation loss. The propaga-
tion loss can be neglected when compared with the bend loss
because the structure does not include lossy materials. Small
bend radii result in smaller footprint of the device, while it
results in higher bend loss. Larger bend radii significantly
reduce the bend loss, but result in larger device footprint.
Thus, we choose a bend radius of 8 pm, which has an inser-
tion loss of 0.4 dB, and footprint of 16 pm X 16.5 pm.

4.2 Sensitivity measurements
The ring resonator has its resonances at distinct wavelength
positions given by:

2z -r-ny

i=—% ey

n m

@ Springer



769 Page4of6 S. M. Sherif et al.

Photo- Strip
. EBL .
@) resist Develop DRIE photoresist

—— —— e  EE—)
Input waveguide

Vertical
. “ I ‘ ‘ ‘ | | ‘ T

Photo- UV through Strip
(b)  resist mask Develop DRIE photoresist

L3 ¥ ¥ ¥ 3
Input waveguide

i3
....“ :

© UV through Depohsit DRIE
mask nanospheres
N » —
Develop Oxygen
‘ Oxygen plasma
Photoresist plasma etch ——)

Input waveguide
Vertical

)
—— E-] —
<+— Nanowires
(Ring)
]
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sphere lithography to convert the ring resonator waveguide platform to the vertical nanowire platform
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where m is the resonance order, / is the wavelength position,
r is the ring radius, n is the effective index. When the sur-
rounding index changes which could be due to the diffusion
of gases or smokes, the effective index changes leading to a
shift in the resonance wavelength as given by (1), and shown
in the spectrum of Fig. 9.

For gas sensing applications, the index of the voids and
cladding was gradually increased from 1.00 to 1.05 while
recording the wavelength position. This simulates the diffusion
of mixtures of gases with different indices through the voids
and cladding. Sensor sensitivity of 430 nm/RIU is calculated
from the slope of the curve of Fig. 10a. Moreover, the sensor
sensitivity was studied in the analyte index range of 1.33-1.37
to account for water and biological materials sensing, the slope
of Fig. 10b results in a sensitivity of 420 nm/RIU.

Previously reported SiNWs sensors [14] used a ring reso-
nator design that resulted on 243 nm/RIU sensitivity, where
the number, diameter, pitch, height of the SINWs were 9,
50 nm, 75 nm, and 700 nm, respectively. However, our sen-
sor achieved a higher sensitivity of 430 nm/RIU.

4.3 Biosensing applications
Biosensing applications are vital in the photonics research

community, where a vast number of biosensors were devel-
oped using different platforms such as the silicon nanowire
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Fig. 10 Wavelength position shift with the analyte index, the slope of

the curve denotes the sensitivity in nm/RIU. a Gas sensing. b Water
sensing
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Fig. 11 Wavelength position shift with the biolayer refractive index,
the slope of the curve denotes the sensitivity in nm/RIU. a Gas sens-
ing. b Water sensing

biosensors [9], plasmonic biosensors [24], and photonic
crystal biosensors [25].

In this section we investigate the capability of our silicon
nanowire sensor to function as a biosensor with thin bio-
layers attached on the surface of the SINWs. We simulate
the biosensing situation where a thin biomaterial layer of
only 10 nm thickness [26] gets attached to the surface of the
SiNWs of our proposed sensor. The refractive index of such
biolayer was varied from 1.35 to 1.60 to account for a num-
ber of biomaterials in that index range such as the n=1.47
bovine serum albumin [27] and the n=1.5 biotin—strepta-
vidin [28]. Figure 11 shows the variation of the resonant
wavelength of the ring resonator SINW sensor with the index
of the 10 nm thick biolayer.

The slope of the curve of Fig. 11 reveals that our sensor
has a sensitivity of 100 nm/RIU for a 10 nm thick biolayer.
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5 Conclusion

Silicon nanowire-based optical sensor has been developed.
The sensor utilizes the ring resonator configuration. Critical
coupling to the resonator as well the Q-factor of the reso-
nator were studied. The spectrum of the resonator showed
red-shift with the increased analyte index. The sensor was
characterized by its low insertion loss of 0.4 dB, and high
sensitivity of 430 nm/RIU. Furthermore, the functionality
of the sensor as a biosensor was investigated by attaching a
biolayer of a small thickness of 10 nm to the silicon nanow-
ires, the sensitivity measured was 100 nm/RIU for such a
small thickness.
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