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A finite element method based on the full-vectorial H-field formulation has been employed to achieve the
maximum field penetration in the sensing medium of the slot-waveguide-based ring resonator
biosensor. The use of nanometer scale guiding structure where optical mode is confined in a low-index
region permits a very compact sensor with high optical intensity in the region, which makes it possible
to detect minimum refractive index change, and offers higher sensitivities. We analyze the change in
effective refractive index of mode, sensitivity, and power confinement of the proposed slot-waveguide-
based ring resonator biosensor for the detection of DNA hybridization. The biosensor exhibited theoretical
sensitivity of 856 nm per refractive index unit (RIU) and a detection limit of 1.43 x 10~ RIU. © 2012

Optical Society of America
OCIS codes:

1. Introduction

In the past decade, several types of biosensors were
developed for applications in medicine, environmen-
tal monitoring, and homeland security. Label-based
biosensors, such as fluorescence biosensors, require
complex liquid handling and labelling procedures
and a relatively long assay time. Hence, a label-free
biosensor is an attractive alternative for future
biosensing applications. Several groups developed
different detection methods of label-free biosensors
[1-6]. Label-free optical methods for detecting
biological and chemical interactions have a number
of advantages, such as the possibility to monitor
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biomolecular interaction in real time and detect
analytes directly without the need for labelling. In
particular, the slot waveguide biosensor is a useful
device for monitoring the binding events between
biomolecules in real time without the need for an
intrinsic or extrinsic labels.

Slot waveguides present an interesting alternative
when compared to rib- or strip-waveguide-based
biosensors where light is predominantly guided in
the high-index material. The light thus has little
interaction with the biomaterial. This is a drawback
for biosensing applications where small refractive
index variations caused by biomolecular interactions
are monitored. In the case of a slot waveguide, light
is confined in a low-index slot region sandwiched be-
tween two high-index rails. Due to the discontinuity
of the electric field at the interface between the rails

1 December 2012 / Vol. 51, No. 34 / APPLIED OPTICS 8195



DNA

Linker

H,0 —Gw—>

Q >
= o

Si

DNA
H.0
Linker
SwW | ;
H20
Si

Si02

Fig. 1. (Color online) Slot waveguide biosensor.

and slot, a significant fraction of the electromagnetic
field is localized in the slot.

The sensitivity of an optical waveguide sensor re-
lies on the amount of light in the medium to be sensed.
Due to the increased amount of power confined in the
slot region, higher sensitivities will be achieved as
compared to other waveguide-based biosensors.

This paper will investigate a slot-waveguide-based
ring resonator biosensor using the finite-element-
based numerical method for the detection of DNA hy-
bridization, i.e., when single-stranded DNA (ssDNA)
becomes double-stranded DNA (dsDNA). We assume
that the ssDNA is initially immobilized on top of the
linker layer (silanes) in the slot waveguide as the
detection probe as shown in Fig. 1. When comple-
mentary DNA strands appear near the sensing
surface with the immobilized probes, it will bind to
the immobilized ssDNA probes forming dsDNA.

2. Theory

In the present work, the H-field finite element meth-
od (FEM) based full-vector formulation is used for
the solution of the TE and TM slot waveguide modes
where the TE mode is highly confined in the slot
region as compared to the TM mode. In the FEM,
a problem domain can suitably be divided into a
patchwork of a finite number of subregions called
“elements.” Each of the elements can have different
shapes and sizes and by using many elements a com-
plex problem can be accurately represented. In using
the aforementioned approach, the field distribution
in the transverse plane is obtained by the application
of the variational formulation in the region. More re-
cently, slot-waveguide-based biosensors have been
investigated using the finite-difference time-domain
method and the FEM [7-9].

A full-vectorial FEM is used in this study to obtain
the modal solutions of a slot waveguide. The FEM,
based on the vector-H-field formulation has been es-
tablished as one of the most accurate and numeri-
cally efficient approaches to obtaining the modal
field profiles and propagation constants of the funda-
mental and higher-order quasi-TE and TM modes.
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The full-vectorial formulation is based on the mini-
mization of the following functional in terms of the
nodal values of the full H-field vector:

o, JIV xH)*- &2 (V x H) +p(V - H)*(V - H)ldxdy
v = [H* - uHdxdy ’
(1)

where H is the full vectorial magnetic field, * denotes
a complex conjugate and transpose, w? is the eigen-
value where w is the angular frequency of the wave,
and ¢ and u are the permittivity and permeability,
respectively.

In the present work, by optimizing the slot wave-
guide parameters such as the slot width, guide width,
and guide height a compact biosensor is proposed. The
aim of the paper is to provide a novel comprehensive
analysis defining the modal characteristics, effective
index variation of ssDNA and dsDNA, surface sensi-
tivity, and power confinement in the DNA layer of a
slot waveguide biosensor with a nanoscale cross sec-
tion, and in doing so, the effects of the critical size of
such a waveguide are also presented. To undertake
such analysis, an accurate and numerically efficient
vector-H-field finite element method (VFEM) [10] is
used to calculate the propagation constant, effective
index, power confinement factor, and the full-
vectorial modal field profiles of the waveguide. The
full-vectorial electric field (E) is also derived from the
vector H-field obtained to characterize modal proper-
ties of such waveguides.

3. Results

A. Waveguide Structure

In this paper, a slot waveguide is investigated for the
biosensing applications. A slot waveguide is formed
by two Si wires close to each other having nanometer
dimensions, as shown in Fig. 1. Refractive index (RI)
of silicon, silicon oxide, and water is taken as 3.476,
1.444, and 1.31, respectively, at the operating wave-
length of 1550 nm. The sensing structure is first



coated with a linker layer (silanes) whose refractive
index is taken as 1.42 [11] having a thickness of
t = 1 nm. The actual sensing consists of detection of
the complementary DNA sequence. The refractive in-
dex of ssDNA and dsDNA is taken as 1.456 and 1.53
[12], respectively. The thickness of the DNA probe
layer is taken as n = 8 nm and remains unchanged
when binding of complementary DNA strands
(targets) to DNA probes happens, i.e., only refrective
index changes from 1.456 (ssDNA) to 1.53 (dsDNA).

A waveguide height, GH = 320 nm and high
index region width, GW = 180 nm [7], slot width,
SW = 100 nm, linker layer thickness of # = 1 nm,
and DNA probe thickness of n = 8 nm is considered
for the initial simulation study.

B. Modal Solutions

In the study of modal field profile, the H-field-based
VFEM is used to obtain the modal solutions of such a
waveguide. For this study, due to the availability of
twofold symmetry of the waveguide structure, only a
half of the structure is considered, in which more
than 80,000 irregular-sized first-order triangular
elements have been employed to represent the
waveguide structure. It takes about 2 min cpu time
on a dual-core Pentium processor computer running
solaris platform.

The structure supports both fundamental quasi-
TE and quasi-TM modes. For the quasi-TE mode
the H, field component is dominant, and H, and H,
are the nondominant components. The dominant H,
field component of the H,11 mode is shown in Fig. 2
for the waveguide width, GW = 180 nm, and
height, GH = 320 nm.

In its contour plot, as shown in Fig. 3, it is clearly
visible that the modal confinement is much stronger
in the slot region. Due to the large index contrast at
interfaces, the normal electric field undergoes a large
discontinuity, which results in a field enhancement
in the slot region.

C. Effective Index Variation

The variation in the effective index of the fundamen-
tal H,11 mode for a slot waveguide has been studied.
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Fig. 3. (Color online) H, contour of H,11 mode.

The effective index, n.g, of a given mode is a normal-
ized propagation parameter, which can be defined by
negr = Po/ko, where S is the propagation constant of
that mode and % is the free space wavenumber de-
fined as ko = w(eguy)'/? = 22/4. The various simula-
tions are carried out to yield the maximum effective
index difference so that maximum waveguide sensi-
tivity is achieved and small size compact biosensor is
designed.

For biosensing applications effective index change
is an important design parameter. In Fig. 4 varia-
tions of the effective index (n.g) with the slot width
for the fundamental H,11 mode is presented. A
waveguide height, GH = 320 nm, and high index re-
gion width and GW = 180 nm is considered for the
study of simulations. In Fig. 4, the solid line repre-
sents the water as the sensing medium, the dotted
line represents the linker layer (thickness ¢ =
1nm and RI = 1.42), and water as the sensing
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Fig. 4. Variations of the effective index, n.g, with the slot width
for TE mode.
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layers; the dashed line represents the linker layer,
ssDNA (thickness n = 8 nm and RI = 1.456), and
water as the sensing layers; and the dashed-dotted
line represents the linker layer, dsDNA (thickness
n = 8 nm and RI = 1.53), and water as the sensing
layers. In all the cases it shows the effective index
decreases with the increase in slot width because
when the slot gap is small a stronger coupling occurs
and hence increases the effective index. It is also
shown that the effective index is higher when the
sensing medium is dsDNA, as represented by
dashed-dotted line in Fig. 4.

D. Sensitivity

In sensor development, sensitivity is an important
parameter to evaluate the sensor performance. Fun-
damentally, sensitivity is determined by the strength
of light-matter interaction. For an optical label-free
sensor, sensitivity can be divided into waveguide
sensitivity and device sensitivity. Device sensitivity
is defined as the ratio of the change in the transdu-
cing optical parameter to the effective index change,
while waveguide sensitivity is the ratio of the effec-
tive index change to the change in the waveguide
parameter affected by analytes.

1. Waveguide Sensitivity

The effective index change is produced either by a
change of cover medium refractive index (homoge-
neous sensing) or by a change of thickness of DNA
layer, which is immobilized on waveguide surface
(surface sensing) [8]. Measurement sensitivity de-
pends on optical field distribution in the sensing
medium, so one of the most important design tasks
is the waveguide optimization in order to maximize
its sensitivity.

Adlayer thickness and change of cover medium
refractive index affects the effective index of propa-
gating optical mode. The thickness of the DNA probe
layer is taken as 8 nm and remains unchanged when
binding of complementary DNA strands (targets) to
DNA probes happens and the refractive index of
ssDNA and dsDNA is taken as 1.456 and 1.53,
respectively.
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Fig. 5. Variation of effective index difference, 6n.4 and waveguide
sensitivity with guide width.
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Waveguide sensitivity can be written as
S = énqgx/RI, (2)

where Rl is the DNA layer refractive index and én.g
is the effective index difference when ssDNA and
dsDNA are present. The effective index difference
is achieved by simulating first by adding ssDNA
layer on top of linker layer and then replacing ssDNA
by dsDNA layer.

A waveguide height, GH = 320 nm, is fixed and
SW = 60, 100, and 140 nm is varied. The sensing
layers are the linker layer (thickness ¢ = 1 nm and
RI = 1.42), ssDNA (thickness n = 8 nm and RI =
1.456), and water, respectively. We have then re-
placed the ssDNA layer with the dsDNA (thickness
n =8 nm and RI = 1.53) to achieve the difference
between the two.

Figure 5 shows that larger effective index varia-
tion and waveguide sensitivity is achieved at a guide
width = 220 nm when the slot width is 60, 100, and
140 nm, respectively. The greater the change in én
the more sensitive the biosensor will be. Therefore,
when the guide width is between 200 and 220 nm,
maximum index difference is achieved. Although, a
smaller slot width shows a more sensitive design,
considering the fabrication techniques available to-
day, a 100 nm slot width would be a suitable design.

Figure 6 shows that the change in effective index
and waveguide sensitivity decreases with the in-
crease in the slot width due to the presence of DNA
layers. A waveguide height, GH = 320 nm, is fixed
and GW = 140, 180, and 220 nm, is varied. The
sensing layers are the linker layer (thickness ¢ =
1 nm and RI = 1.42), ssDNA (thickness n = 8 nm
and RI = 1.456), and water, respectively. We have
replaced the ssDNA layer with the dsDNA (thickness
n = 8 nm and RI = 1.53) to achieve the difference be-
tween the two. A large effective index variation is
achieved when the slot width is less than 100 in all
cases. Although, a smaller slot width shows a more
sensitive design, considering the fabrication techni-
ques available today, a 100 nm slot width would be
a suitable design.
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Fig. 6. Variation of effective index difference, 6n.¢ and waveguide
sensitivity with slot width.
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Figure 7 shows variation of effective index differ-
ence and waveguide sensitivity with the guide
height. When the guide width is between 180 and
220 nm and slot width is 100 nm, the maximum ef-
fective index difference can be achieved as compared
to a guide width 140 nm. The effective index differ-
ence increases with the increase in guide height.
However, if the waveguide dimension becomes too
large, most of the power would be then confined in
the Si core and a smaller effective index difference
can be achieved, hence less sensitivity and less
confinement in the slot region. A line needs to be
drawn to achieve a compact and smaller biosensor,
therefore guide heights between 320 and 340 nm
are the desirable dimensions.

2. Device Sensitivity

We present a ring resonator comprised of a silicon on
insulator (SOI) slot waveguide for the detection of
DNA hybridization. In our case, to achieve the theo-
retical device sensitivities we are using the same
parameters of ring as is used in [12], including 5 pm
of bending radius.

Device sensitivity only depends on device proper-
ties, and waveguide sensitivity is relevant to wave-
guide structures, regardless of the type of devices.
Based on the definition, device sensitivity is related
to the variation of transducing optical parameters,
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Fig. 8. Variation of effective index with wavelength.

and thus depends on the transducing method.
For the resonant wavelength shift scheme, it is
expressed as

S = 61/on, 3)

54 = ONegr * Ares/Ng. 4)

where 6n.g is the change of the effective index caused
by the analyte binding, 4,., is the resonance wave-
length, and n, is the group index and its value is
1.81264 at wavelength of 1550 nm, as shown in Fig. §,
when silicon width is 220 nm, height is 320 nm, and
slot width is 100 nm.

As a function of slot width and guide width, the
effective index of the waveguide was simulated once
for ssDNA and once for dsDNA. By using Eq. (4), the
difference in effective index Oneg = NegssDNA —
Netr dsDNA Was used to calculate the expected wave-
length shift of the slot waveguide.

Figures 9 and 10 show the calculated resonance
wavelength shift as a function of slot width and guide
width. In this range of the parameters, the sensitiv-
ity increases with decreasing the slot width. When
silicon width is 220 nm, height is 320 nm, and slot
width is 100 nm our simulation shows that effective
refractive indices of ssDNA and dsDNA are 1.80549
and 1.81264, respectively, 6.12 nm resonance
wavelength shift, and sensitivity of 856 nm/RIU is
achieved.

When compared with [12] where sensitivity of
683 nm RIU! is achieved for the detection of DNA
hybridization with slot width of 200 nm and guide
width of 500 nm. In our sensor, a large resonance
wavelength shift is caused by large light-matter
interaction and by decreasing the slot width.

A comparison is made with the following struc-
tures: [13,14] and [12], respectively. In case of [13]
where slot width = 100 nm, guide width = 210 nm,
guide height = 220 nm, RI =145, and a wave-
length shift is 5.4 nm. When the same parameters
are simulated using our method, a wavelength shift
of 5.56 nm is achieved. Similarly, in case of [14],
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-
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Fig. 9. Variation of wavelength shift with slot width.
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where slot width = 200 nm, guide width = 400 nm,
guide height = 300 nm, RI=1.45, and a wave-
length shift is 3 nm. A wavelength shift of 3.2 nm
is achieved in our simulations when using the same
values of slot waveguide as in [14]. The same results
of wavelength shift are achieved when the same slot
waveguide parameters as in case of [12] are used
(slot width = 200 nm, guide width = 500 nm, RI of
ssDNA = 1.456, RI of dsDNA = 1.53, and a wave-
length shift of 3.634 nm). This shows our numerical
method is in agreement with the wavelength shift
results in [12,13,14].

In [15], a similar waveguide is measured to have
12 dB/ecm propagation loss due to scattering. As
the absorption of water at a wavelength of 1.55 pm
is 47.5 dB/cm [16], and our simulations indicate that
30% of the waveguide mode power propagates
through water, we can roughly estimate the total
propagation loss of our waveguide to be 12 dB/cm+
0.3 % 47.5 dB/cm = 26.25 dB/cm.

3. Sensor Detection Limit

Sensor detection limit (DL) is another important
parameter to characterize the sensor performance.
DL is the smallest change in the refractive index,

which is equal to the resonance wavelength
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Fig. 11.
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resolution divided by the sensitivity [13]. The DL
can be deduced by taking into account the noise in
the transduction signal, o, i.e., the minimum resolva-
ble signal: DL = ¢/S, where S is the sensitivity. For
an optical RI-based label-free sensor, DL in units of
refractive index units (RIU) is naturally used to
quantify the sensor performance, which enables a
rough comparison of the sensing capability among
different optical technologies and structures. [17].
We follow the convention of using 3 standard devia-
tions o of the total system noise as a measure of the
sensor resolution [18]:

R =36=12pm. (5)
Improvement in the DL can be accomplished by
increasing the sensitivity or reducing the noise level.
Sensitivity can be enhanced by increasing the light—

matter interaction. For our sensor, the detection limit
is 1.43 x 10-% RIU.

E. Power Confinement

The confinement factor in any particular area nor-
malized to the total power, which is obtained by
integrating the Poynting vector, from the H- and
E-fields is given below:

S, = / A (E x Hydxdy.

The waveguide sensitivity depends on the optical
field confinement factor in the sensing medium.
Quasi-TE mode supported by a slot waveguide is
highly confined in the gap region and its confinement
factor in the DNA layer is typically around 10%-12%,
which means a very large sensitivity to cover index
change. Quasi-TM mode is significantly less sensi-
tive to cover index change and its confinement factor
is only around 4%—5%.

As shown in Figs. 11(a) and 11(b), the difference in
the field confinement between ssDNA and dsDNA is
small and that is why the curves are plotted sepa-
rately, otherwise they overlap with each other.
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TE mode has more power confinement because the
normal electric field undergoes a large discontinuity,
which results in a field enhancement in the slot re-
gion when the slot width is smaller. However, TM
mode has less power confinement in the slot region
because optical power is localized more in the high-
index region and less confined in the slot region.

The slot width is varied from 40 to 180 nm keeping
guide width as 220 nm and guide height as 320 nm.
The highest power confinement is achieved when slot
width is 40 nm and sensing medium is ssDNA. When
the slot gap is smaller, stronger coupling occurs and
hence more power confinement. However, it is impor-
tant to remember the fabrication limitations that the
slot width be less than 100 nm are not easy to fabri-
cate and hence slot width of 100 nm is the minimum
desirable width for the design of our biosensor.

Another important parameter in the design of such
biosensors is the slot power density, which is defined
as the power confinement in the sensing medium di-
vided by the sensing medium area [9]. Figure 12
shows the variation of the slot power density for
different slot widths keeping constant guide width
of 140 and 180 nm, respectively, and guide height
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Fig. 13. Variation of power density in DNA layer with the guide
width for TE mode.
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of 320 nm. The guide width of 140 and 180 nm is com-
pared in order to achieve better results. The power
density is a maximum when the slot width is smaller
and the guide width is 180 nm. The smaller the slot
widths the better the coupling efficiency. Power den-
sity is higher when the sensing medium is ssDNA as
compared to dsDNA in both the cases of guide
widths. When the index contrast is high the normal
electric field undergoes a large discontinuity, which
results in a field enhancement in the slot region;
therefore, more power confinement in the slot region
in case of ssDNA as compared with dsDNA.

Next, the effect of power confinement is measured
by varying the guide width and keeping the sloth
widths as 60, 100, and 140 nm, and guide height
as 320 nm. The maximum power confinement is
achieved when the guide width is 180 nm and the slot
width is 60 nm, as shown in Fig. 13. Then followed by
guide width of 180 nm and slot width of 100 nm.
However, a slot width of 60 nm is not easy to fabri-
cate; therefore, slot width of 100 nm and guide width
of 180 nm is an ideal combination for achieving max-
imum power confinement. Again, it is evident that
power confinement is higher when the sensing med-
ium is ssDNA as compared to dsDNA in all the cases
of varying slot widths due to its high-index contrast
with the guide.

Further, the guide height is varied while keeping
the slot width as 100 nm and guide width as 180 nm,
which is the best possible combination, as shown
above in Figs. 5 and 6. The power confinement in-
creases with the increase in guide height, as shown
in Fig. 14. As the waveguide dimension becomes
large, most of the power would be confined in the Si
core; however, due to restrictions in guide width and
slot width we see power confinement in the DNA
layer increases with the guide height. Most of the ea-
sily available wafers are of H = 220 nm, and slot
waveguide of other heights needs to be fabricated
specifically.

Comparing Figs. 12-14 with Figs. 5-7 it appears
power confinement and sensitivity can be achieved
with the same design parameters; where sensitivity

1 December 2012 / Vol. 51, No. 34 / APPLIED OPTICS 8201



is maximum we can also see power confinement is
maximum in all the cases.

4. Conclusion

A finite element approach based on a full-vectorial
H-field formulation has been used to study the slot
waveguide biosensor to detect the DNA hybridiza-
tion. The optical field profiles, the effective index
change, power confinement factor, and power density
in the DNA layer have been studied and an opti-
mized slot waveguide sensor with maximum sensi-
tivity is proposed. In this work we have proposed a
method to detect DNA hybridization. When the com-
plementary strand DNA attaches with the probe
DNA, we see a change in the effective index and
power confinement.

By taking the fabrication limitation into considera-
tion slot width of 100 nm is a minimum desirable
width for the design of a biosensor. Moreover, guide
width of 180 to 220 nm and guide height of 320 nm
gives us the compact and smaller size biosensor with
maximum waveguide sensitivity, maximum effective
index difference, and maximum power confinement
factor in the DNA layer.
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