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Abstract: A novelsilicon-on-insulator microring biosensor based on Young’s twoslit interference has been demon-
strated. The transducer signal from electric field intensity distribution on the interference screen is given by using
the transfer matrix method (TMM) and two-slit interference principle. The result shows that the structure we pro-
pose is advantageous for sensing as the interference pattern is very sensitive to the ambient refractive index around
the microring. A small perturbation in refractive index around the microring An, will result in a notable shift of
destructive interference points (DIPs) on the interference screen. By detecting the shift of the DIPs, the ambient

refractive index change can be obtained.
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1. Introduction

The optical biosensor is an important detection and ana-
lysis tool that has been widely used in many applications, such
as biomedical research, healthcare, pharmaceuticals, and en-
vironmental monitoring!!=#/. Compared with electrical sen-
sors, optical sensors have unique merits, e.g., immune to
electro—magnetic interference, capable of remote sensing and
multiple-matter detection within a single device. Typically,
there are two detection methods that can be implemented in
optical biosensing: fluorescence-based detection and label-free
detection®]. Fluorescence-based detection is extremely sensi-
tive down to single molecule detection!®. However, it suffers
from the labeling process, which is laborious and expensive.
In contrast, label-free detection is relatively easy and cheap,
and can perform quantitative measurements. So quantitative
and label-free monitoring of the molecule is advantageous in
many applications.

Integrated ring resonators were first proposed by Marcatili
in 1969 at Bell Labs!”). The layout he proposed can be regarded
as the standard configuration for an integrated resonator chan-
nel dropping filter. However, research on optical microring res-
onators has been improving slowly for a long time because of
the limitation of surface microfabrication technology. In recent
years, with the rapid improvement of materials science and sur-
face microfabrication technology, microring resonators with
various materials and structures have been proposed. Barrios
has proposed a silicon nitride slot-waveguide microring res-
onator®], in which high optical intensity is obtained in the slot
region, making the slot-waveguide very attractive for RI sens-
ing due to its capability of enhancing sample-probe interaction.
Several new structures of microring resonator based on SOI

EEACC: 4140; 4145

have been proposed that are optimized for sensing: increasing
the Q factor by enlarging sensing cavity length®! or enhancing
the notch depths by concentric microring resonators!'%. Com-
pared with other optical sensors!!!], microring resonator sen-
sors can provide ultracompact size and easy realization of a
sensor array, especially for waveguides based on silicon-on-
insulator (SOI) materials due to the high index contrast, which
is suitable for the fabrication of a nanophotonic waveguide
including a submicron sized optical cavity with high qual-
ityl12=16] Tn this paper, a sensor structure based on a microring
is proposed. The structure incorporates a Y-shape splitter with
one branch side-coupled by a microring, and the other serves
as a reference arm. Output light from two branches interfere
with each other in the free space, and the interference pattern is
captured by a CCD detector. Compared with typical microring
biosensors, the structure we propose has unique advantages.
First, it combines the mode resonance and waveguide interfer-
ence, which makes the spectrum analysis unnecessary, and re-
duces the volume of the device. Second, a CCD detector is used
in the sensor configuration, which realizes real-time monitor-
ing. The analytical description of electric field intensity distri-
bution on the interference screen is derived. Our investigation
shows that the interference pattern is very sensitive to the am-
bient refractive index n.. And the refractive index change can
be valued quantitatively by detecting the DIPs shift.

2. Structure and mechanism

A schematic of the sensor is shown in Fig. 1. The sensor we
propose contains a plane waveguide chip with one microring-
coupled Y splitter and a CCD detector serving as an interfer-
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Fig. 1. Schematic of microring resonator sensor based on Young’s two-slit interference.

Fig. 2. Schematic of a typical all-pass ring resonator.

ence screen. Input light is split into two beams equally. Light
transmitting in branch 2 is coupled into the microring when
the microring resonance condition is satisfied. Then the res-
onated light is coupled out of the microring and the microring
resonance causes a phase delay. The light from branch 2 of Y
splitter interferes with reference branch 1 in the free space, and
the interference pattern is collected by a CCD detector.

The structure in Fig. 2 is a typical all-pass ring resonator.
Light satisfying the resonance condition will be coupled into
the microring. The resonance condition can be expressed as

mA = NegL, (1)

where A is the resonance wavelength, m is the cavity resonance
order (= 1, 2, 3, ...), N is the effective index of the ring
waveguide, and L is the length of the microring. The basic re-
lations amongst the incident a1, transmitted a,, and circulating
b1, by fields within the microring resonator are derived using
the transfer matrix method (TMM).

a \ _ [ t© ik ay
b2 - ik T bl (2)
by = exp(—aL + iwT)b,,

where 7 and k are coupling coefficient and transmitting coef-
ficient, respectively. « is the loss coefficient of the ring cavity
waveguide (i.e. no loss corresponds to « = 1), w is the opti-
cal frequency and T'is the transit time of one round trip for the
microring, which can be obtained by 7 = NgrL/c. We can get
the normalized transmission equation, which is

a _ T — Aexp(i¢)

a; 1—tAexp(i¢)’ ®)

where A is the field attenuation of the microring for one round
trip, and one has A = exp(—aL), ¢ represents the phase delay
for one round trip, and one has ¢ = wT . The effective phase
delay @ caused by the microring resonator is defined as the
phase argument of the field transmission factor, which is

Tsin¢
A—1cos¢

Atsing

arctan ——— .
+ 1 —Atcos¢

® = 7w+ ¢ +arctan “)
At the resonance wavelengths of the microring, we have
¢ =T =Q2muc/A) X (NegtL/c) =2mm,s0® =2 m+ 1.
In Fig. 1, we suppose that the two branches have the same
length, so the phase delay caused by the two branches of the Y
splitter is defined as 0. At the output ports, the phase from two
branches can be written as

¢ =0,
Tsin¢ Atsing
+ arctan ——  + arctan ——— .
A—tcos¢ 1 —Atcos¢

So the phase difference between the two output ports is

Tsin¢
A—tcos¢

Atsing
l1—Atcos¢’

61 = & — Py = + ¢ + arctan

-+ arctan

(6)

Light from two branches interfere with each other in the
free space, and the interference pattern is detected by a CCD
detector. The phase difference from two output ports of the
waveguides to the interference screen is

27 27
= — — =—A
8> > (di — d») A @)

where dq and d, are

d 2
d1=\/(x+5) + D2

and

So

d?—d2  2xd

A=dy—d, = =
! 2 dy + d» di +dy’
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where d; and d5 are the distances from the two output ports of
the waveguides to the detection point (P), respectively. Para-
meter d is distance Y splitter, and D is the distance from output
port of waveguide to the interference screen. If D > d, then
A = xd/ D, and the phase difference from two output ports of
the waveguides to the interference screen will be

2 2rd
0 =—(d1—dr) = ——x. 8
2 1 (di 2) D x (®)
The overall phase difference can be written as
=461+ =n+¢+arctanﬂ
A —tcos¢
Atsi 2nd
+ arctan vsing + ul x. (9

1—Atcos¢p AD

We consider the situation where the microring waveguide
is lossless, that is A = 1, then from Eq. (3) we have a; =
—as. So the energy from the two branches is the same I, =
I, = 1/2, where I and I, are electric intensity from two out-
put ports, respectively, and [ is input intensity. Suppose I =
1, then the intensity distribution on the interference screen can
be obtained by

I =1+ 1,+2yI1Ircos8 =1 (14 cosd) =1+ cosd.
(10)
From Egs. (9) and (10), we can see that, when the ambient
refractive index around the microring n. varies, the effective
refractive index N will be changed. From Eq. (1), for a fixed
operating wavelength, the resonance condition will be dissatis-
fied, and the overall phase difference § will be changed, which
will result in a shift in intensity distribution on the interference
screen.

3. Results and discussion

In this part, we study the relationship between the shift
of DIPs on the CCD screen and the ambient refractive index
change An,. around the microring resonator. We take the rib
waveguide, for example, to study the influence of microring
parameters on the sensing performance of the microring-based
sensor.

Suppose the microring waveguide is fabricated on an SOI
substrate, with 340 nm top Si (ng; = 3.445) layer and 1 um
Si0; (nsio, = 1.445) layer, and a rib waveguide with rib height
of 230 nm and rib width of 500 nm. TM polarization is consid-
ered, which is more sensitive to the changes of ambient refrac-
tive index than TE polarization!!®],

First, we calculate the electric field intensity distribution
on the interference screen. Suppose the refractive index of the
microring superstrate is 711, the resonance wavelength is A, and
the cavity resonance order is m. From Eq. (9), we can see that,
at the resonance wavelength A, the phase difference § is

2rd
=2 1 —_—
§=02m+ D + )LDX’

and the intensity distribution on the interference screen is

(11)

2nd
I=1- 2 -— 12
cos(mn—i—ADx), (12)

we can see that the energy on interference screen is distributed
in cosine function of x. At the position of x = 0, the electric in-
tensity is zero, which corresponds to a DIP on the interference
screen. This is opposite to the Young’s two-slit interferometer,
in which the point of x = 0 is always a constructive interfer-
ence point (CIP).

If I(P) =0, we can get the DIPs at

AD
X = — (nm —mm),

where 7 is the extinction order of the interference pattern.

Then, if the index of the microring superstrate changes to
n,, then An, = ny —ny. The resonance wavelength will shift
to A’, and the effective index of the microring waveguide will
change by A Ngr. The DIP will shift from x to x’ for the extinc-
tion order of n. Within a small wavelength range, the effective
index change A N is almost proportional to the ambient index
change An '8, so ANy = KAnc, where the parameter K
is constant and depends on the material and waveguide cross-
section, then

(13)

2 N, ANgr) L KA
¢ =0T = ¢ (Negr + A Negr) — 2 (1+ nc),
A c Nesr
and
in ¢’ 2wd
8 =m + ¢’ + 2arctan rsing + 4 (15)

l—tcos¢’ AD

So the energy distribution on the interference screen is

+2nd
ADX )

(16)

I(P)=1+cosd

T sin ¢’

=1—cos | ¢ + 2arctan
(¢ 1 —tcos¢’

From Egs. (14) —(16), we can see that the I(P) is a func-
tion of An. and x. We suppose the radius of microring (R)
is 5 um. The distance between the two waveguide branches
(d) is 20 pum, and the distance from the output waveguide to
the interference screen (D) is 5 cm. When n, changes from
1.33 to 1.34, the effective index of the microring waveguide
(Negr) will change from 2.5273 to 2.5287 at the resonance
wavelength of 1.58795 um. Based on the mode effective in-
dex calculation of the rib waveguides, we obtain the parameter
K = ANg/An. = 0.14. Figure 3 shows the electric field in-
tensity distribution on the interference screen as a function of
x with n, = 1.33 (the solid line) and 1.34 (the symbol line),
respectively. We can see that the DIP at x = 0 cm is shifted to
— 0.06 cm when the ambient refractive index changed to 1.34,
which can be easily detected by a CCD detector.

If we suppose I(P) = 0, we can get the relationship be-
tween DIPs position x” and An., which is

AD Tsing’

"= ——|(2nm — ¢’ —2arctan ———— |, 17
X an(n” ¢ arcanl—rcosqﬁ’) (17)

where 7 is the extinction order of the interference pattern. From
Egs. (13), (14) and (17), we can get the shift of DIPs of the same
extinction order Ax.
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Fig. 3. Electric field intensity distribution on the interference screen
as a function of x with n, = 1.33 (the solid line) and 1.34 (the symbol
line), respectively.
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Fig. 5. DIPs shift Ax as a function of An, for transmitting coefficients
7 =0.3,0.5,0.7, and 0.9, respectively.
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Fig. 4. Extinction point shift A x as a function of An. with a microring
radius of 3 um, 4 um, 5 pum, respectively.

Ax =x"—x
AD
= —— [mﬂKAnC/Neff
d
T sin 2mm K An/ Negr)
1 —tcos 2mm KAn/ Net)

-+ arctan

} . (18)

From Eq. (18), we can see that the cavity resonance order
m and transmitting coefficient t are two important parameters,
where parameter m will restrict the measurement range of re-
fractive index, and t will influence the sensitivity of the sensor.
The cavity resonance order m is associated with the microring
radius R by mA = NggL. Figure 4 shows the DIPs shift Ax
as a function of An, with a microring radius of 3 um, 4 um,
5 um, respectively. We can see that as the radius increases, the
measurement range of the effective index is getting small. So a
small radius microring is needed for a large dynamic measure-
ment range.

The transmitting coefficient t is related to the coupling co-
efficient k by k2 + 12 = 1. The coupling coefficient k de-
termines the fraction of light coupling into the microring. The
DIPs shift Ax as a function of An, is shown in Fig. 5 for trans-
mitting coefficients ¢ = 0.3, 0.5, 0.7, and 0.9. We can see that

Fig. 6. Electric field intensity distribution on the interference screen
as function of x with single-strand DNA (the solid line) and double-
strand DNA (the symbol line).

as the transmitting coefficient increases, the curves’ slope at
An, = 0 and 0.6 becomes large, and between the two posi-
tions, the curve is getting flat, which is not suitable for sensing.
Therefore, a small transmitting coefficient is needed.

From the results above, we can see that, the sensor struc-
ture we proposed can be optimized for sensing application by
reducing the radius of microring or choosing a large coupling
coefficient.

4. Biosensing application with the proposed de-
vice

Biomolecular detection is an important process in bioanal-
ysis and biomonitoring. In this part, a DNA hybridization pro-
cess will be simulated using the proposed sensor configuration.
We study the DIPs shift when the single-strand DNA is hy-
bridized into double-strand DNA. We assume that the single-
strand DNA (50 nm thickness) is initially immobilized on the
silicon layer around the microring resonator as the probe. The
interference pattern is detected by a CCD detector at the in-
terference screen. Then we will study the interference pattern
shift as the hybridization proceeds. The refractive indices of
single-strand DNA and double-strand DNA layers are around
1.456 and 1.53, respectively, with a binding density of 1.49
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pmol/cm?[1%:20] The effective refractive index of the wave-
guide changes from 2.540161 (before DNA hybridization) to
2.544190 (after DNA hybridization). Figure 6 shows the elec-
tric field intensity distribution on the interference screen as a
function of x with single-strand DNA (solid line) and double-
strand DNA (symbol line). We can see that the interference
pattern exhibits a notable shift after DNA hybridization. For
example, the DIP at x = 0 (before DNA hybridization) shifts
about 0.1 cm after DNA hybridization, which can be easily de-
tected by CCD detector.

5. Conclusion

In conclusion, we have presented our work in developing a
SOI microring resonator for sensing applications, in which the
sensor is based on Young’s two-slit interference configuration.
Through TMM (transfer matrix method) calculations and the
two-slit interference principle, we have given a detailed ana-
lysis of the intensity distribution on the interference screen. The
destructive interference point (DIP) on the interference screen
will shift as the refractive index around microring n. changes.
Our study reveals that the interference pattern is very sensi-
tive to refractive index change. A small perturbation in n, will
result in a notable shift in DIPs on the interference screen. By
detecting the shift in DIPs, the ambient refractive index change
can be obtained. Our study shows that the sensor structure can
be optimized by reducing the radius of the microring or choos-
ing a large coupling coefficient of the microring. The sensor
structure we proposed can be fabricated by cheap semiconduc-
tor technology and has potential application by integrating a
signal process system and is suited for mass-scale production.
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