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Guiding and confining light in void nanostructure
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We present a novel waveguide geometry for enhancing and confining light in a nanometer-wide low-index
material. Light enhancement and confinement is caused by large discontinuity of the electric field at high-
index-contrast interfaces. We show that by use of such a structure the field can be confined in a 50-nm-wide
low-index region with a normalized intensity of 20 mm22. This intensity is approximately 20 times higher
than what can be achieved in SiO2 with conventional rectangular waveguides. © 2004 Optical Society of
America
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Recent results in integrated optics have shown the abil-
ity to guide, bend, split, and filter light on chips by use
of optical devices based on high-index-contrast wave-
guides.1 – 5 In all these devices the guiding mechanism
is based on total internal ref lection (TIR) in a high-
index material (core) surrounded by a low-indexmate-
rial (cladding); the TIR mechanism can strongly con-
fine light in the high-index material. In recent years
a number of structures have been proposed to guide
or enhance light in low-index materials,6 –11 relying on
external ref lections provided by interference effects.
Unlike TIR, the external ref lection cannot be perfectly
unity; therefore the modes in these structures are in-
herently leaky modes. In addition, since interference
is involved, these structures are strongly wavelength
dependent.

Here we show that the optical field can be enhanced
and confined in the low-index material even when light
is guided by TIR. For a high-index-contrast interface,
Maxwell’s equations state that, to satisfy the conti-
nuity of the normal component of electric f lux den-
sity D, the corresponding electric field (E-f ield) must
undergo a large discontinuity with much higher am-
plitude in the low-index side. We show that this dis-
continuity can be used to strongly enhance and confine
light in a nanometer-wide region of low-index mate-
rial. The proposed structure presents an eigenmode,
and it is compatible with highly integrated photonics
technology.

The principle of operation of the novel structure can
be illustrated by analysis of the slab-based structure
shown in Fig. 1(a), where a low-index slot is embedded
between two high-index slabs (shaded regions). The
novel structure is hereafter referred to as a slot wave-
guide. The slot waveguide eigenmode can be seen as
0146-9592/04/111209-03$15.00/0
being formed by the interaction between the funda-
mental eigenmodes of the individual slab waveguides.
Rigorously, the analytical solution for the transverse
E-field profile Ex of the fundamental TM eigenmode of
the slab-based slot waveguide is
Ex�x� � A
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where kH is the transverse wave number in the
high-index slabs, gC is the f ield decay coeff icient in
the cladding, gS is the field decay coeff icient in the
slot, and constant A is given by
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where A0 is an arbitrary constant and k0 � 2p�l0 is
the vacuum wave number. The transverse parame-
ters kH , gS , and gC simultaneously obey the relations
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where b is the eigenmode propagation constant, which
can be calculated by solving the transcendental char-
acteristic equation
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Fig. 1. Schematic of the slot waveguide structure (a) with
infinite height and (b) with f inite height.
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From Eq. (1) the E-field immediately inside the slot
(jxj � a2) is nH

2�nS
2 times higher than that immedi-

ately inside the high-index slabs (jxj � a1). The ratio
nH

2�nS
2 equals 6 for a Si SiO2 interface and 12 for a

Si–air interface. When the width of the slot is much
smaller than the characteristic decay length inside the
slot (a ,, 1�gS), the field remains high all across the
slot. By assuming that nH � 3.48, nS � nC � 1.44,
a � 25 nm, and b � 205 nm, we calculated the TM Ex
distribution at l0 � 1.55 mm. Figure 2 shows that the
Ex distribution, which evidences the large discontinu-
ity and the high E-field confinement in the slot; in this
case a � 25 nm ,, 1�gS � 140 nm.

Hereafter we consider a three-dimensional (3D) slot
waveguide structure with f inite height [see Fig. 1(b)].
In this case the quasi-TE eigenmode presents the ma-
jor E-field component along the x direction. Therefore
the quasi-TE eigenmode in the 3D slot waveguide
structure is analogous to the TM eigenmode in the
studied slab-based slot waveguide structure. We
calculated the quasi-TE eigenmode of the 3D slot
waveguide structure with a nonuniform grid mesh
full-vectorial f inite-difference mode solver, taking
material dispersion into account.12 We assume that
the slot waveguide is built on a silicon-on-insulator
(SOI) platform; therefore nH � 3.48, nC � 1.44, and
l0 � 1.55 mm are assumed, unless otherwise specified.
We also assume that the rectangular cross-section
slot, with height h and width wS , is filled with SiO2
(nS � 1.44); in practice, the slot can be filled with any
low-index material of interest.

The transverse E-field distribution of the quasi-TE
mode is shown in Fig. 3. We assume wH � 180 nm,
wS � 50 nm, and h � 300 nm, unless otherwise speci-
fied. Figure 3(a) shows the contours of the E-f ield
amplitude and the E-field lines. The center bright re-
gion shows a strong E-field inside the slot. The di-
rections of the E-f ield lines in the slot confirm that
the E-field is mostly normal to the high-index-contrast
interface, which induces its strong discontinuity. The
amplitude profile of the E-field is shown in the 3D sur-
face plot shown in Fig. 3(b). One can see that the am-
plitude profile of the E-field along the x direction at y �
0 strongly resembles that in Fig. 2 for the slab-based
counterpart. The vertical conf inement of the E-f ield
in the slot region is dictated by that in the high-index
regions. Since the slot waveguide structure has a true
eigenmode, it is theoretically lossless.

As a result of the E-field enhancement in the slot,
the optical intensity there is also much higher than
that in the high-index regions. Figure 4 shows op-
tical power Pslot and average optical intensity Islot �
Pslot��hwS� inside the slot as a function of its width
wS and width of the silicon region wH . Both Pslot and
Islot are normalized with respect to the total wave-
guide optical power. For comparison, the normalized
average intensity in the silicon region ISi is plotted
as well. Figure 4 shows that Pslot remains nearly
constant around 30% for wS $ 50 nm. For wS �
50 nm, Islot is as high as 20 mm22, which is 6 times
higher than ISi. One can also see from Fig. 4 that
wH does not signif icantly affect the slot waveguide
performance.
Light propagation in the slot waveguide shows
a much higher intensity than that achievable with
conventional waveguides. The highest normalized
average intensity in a conventional SOI waveguide
is less than 9 mm22 for an optimal cross section of
360 nm 3 200 nm. For SiO2–air platform, this pa-
rameter reduces to less than 1.1 mm22 for an optimal
cross section of 900 nm 3 500 nm; this is approxi-
mately 20 times lower than that of the presented slot

Fig. 2. Normalized transverse E-field (Ex) distribution
of the fundamental TM eigenmode (solid curve) for the
slab-based slot waveguide at l0 � 1.55 mm, with nH � 3.48,
nS � nC � 1.44, a � 25 nm, and b � 205 nm. Also shown
are the individual slab waveguide TM eigenmodes (dotted
and dashed–dotted curves).

Fig. 3. Transverse E-f ield profile of the quasi-TE mode
in a SOI-based slot waveguide. The origin of the coordi-
nate system is located at the center of the waveguide, with
a horizontal x axis and a vertical y axis. (a) Contour of
the E-f ield amplitude and the E-f ield lines. (b) 3D surface
plot of the E-f ield amplitude.
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Fig. 4. Normalized optical power in slot Pslot, normalized
average optical intensity in slot Islot, and normalized av-
erage optical intensity in silicon ISi, for the fundamental
quasi-TE eigenmode of the slot waveguide. All quanti-
ties are normalized with respect to the waveguide optical
power.

Fig. 5. Wavelength dependence of normalized optical
power Pslot and normalized average optical intensity Islot in
the slot, for wH � 180 nm, wS � 50 nm, and h � 300 nm.
Optimal values for the normalized optical intensity of
alternative waveguide approaches are also indicated.
ARROW, antiresonant ref lecting optical waveguide; PBG,
photonic bandgap.

waveguide. For leaky-mode waveguides based on
external ref lections, such as antiresonant ref lecting
optical waveguides and photonic crystal waveguides,
the size of the low-index core is limited to being larger
than half of the wavelength in the low-index material.
Therefore the normalized intensity can hardly exceed
1 mm22 at a wavelength of l0 � 1.55 mm.

We simulated Pslot and Islot wavelength dependence
(see Fig. 5). The structure presents very low wave-
length sensitivity because there is no interference
effect involved in the guiding and confinement mecha-
nism. One can see that Pslot and Islot vary less than
10% over a wavelength span of more than 400 nm.
As a comparison, Fig. 5 shows the optical intensity
levels for the alternative approaches discussed in the
previous paragraph.

We verified the slot waveguide compatibility with
highly integrated photonics technology. For a bend-
ing radius of only R � 5 mm the transmission in a
360± turn is 99.2%, implying bending loss of 11 dB�cm.
This result is particularly relevant for the fabrication
of high-quality ring resonators, where such bending
losses translate into a quality factor of Q � 20, 000.

In summary, we have presented a novel wave-
guide geometry for guiding and confining light in a
low-index region. The waveguide discussed has two
unique properties. First, it produces high E-f ield
amplitude, optical power, and optical intensity in
low-index materials at levels that cannot be achieved
with conventional waveguides. This property allows
highly eff icient interaction between fields and active
materials, which may lead to all-optical switching
and parametric amplification on integrated photonics.
Second, a strong E-field conf inement is localized to
a nanometer-sized low-index region; therefore the
slot waveguide can be used to greatly increase the
sensitivity of compact optical sensing devices or to
enhance the efficiency of near-f ield optical probes.
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