
Abstract. New wide single-mode strip and grating loaded
(SGL) channel waveguides made of silicon nitride on the
oxide buffer layer of a planar silicon-on-insulator waveguide
are studied. The central 10-lm-wide strip produces a multi-
mode channel waveguide and diffraction gratings with a
period 0.6 lm built on the structure edges produce mode-
dependent additional losses due to radiation to the surround-
ing medium. The optical properties of these waveguides are
discussed using the results of a three-dimensional numerical
simulation by the FDTD and BPM methods. It is shown that
a wide SGL waveguide is quasi-single-mode one because
it has a small propagation loss (� 0:3 dB cmÿ1) for the
fundamental mode and a high (up to ÿ20 dB cmÿ1) loss
for the higher order modes. The new SGL waveguides are
CMOS compatible and can become basic for fabricating new
photonic elements, including tunable optical élters and multi-
plexers based on the multireêector technology.

Keywords: integrated optics, optical waveguide, optical loss, silicon-
on-insulator, numerical FDTD and BPM methods, multireêector
technology.

1. Introduction

Recently, intensive investigations have been performed in
the éeld of silicon photonics [1], which has an enormous
potential for mass production of various functional CMOS-
compatible devices as well as for integration of optical and
electronic components on a single substrate. In many photo-
nic devices, optical interference effects are used; therefore,
to reduce the level of intermode parasitic signals during
their operation, it is expedient to use single-mode optical
waveguides. In silicon photonics, two types of single-mode
channel waveguides, produced in silicon-on-insulator (SOI)
structures, are basically used: ridge [2], etched in `thick'
(3 ë 5 mm) silicon layers, and silicon nanowires [3 ë 5] on
`thin' (200 ë 300 nm) silicon layers. Thick waveguides are
convenient for efécient matching with the standard wave-
guides (with the mode éeld size of 10 mm). Thin silicon
wires, due to the inconsistency in their size, are matched

more complicatedly with the optical ébre but have a signi-
écant advantage resulting from their compatibility with the
manufacturing CMOS technology [3].

Optical radiation along the normal from the ébre can be
coupled into a thin silicon waveguide by using two-dimen-
sional gratings [6], which not only simplify the coupling but
also provide polarisation independence of the devices [7]. To
ensure optimal matching with the ébre, the two-dimensional
grating is produced in a wide (� 10 mm) multimode wave-
guide region, which, using the adiabatic tapered element, is
connected to a single-mode silicon wire � 450 nm in size.
Note that it is also necessary to use wide waveguide regions
for providing low scattering losses during the intersection
of channel waveguides in various optical circuits [8]. Wide
single-mode waveguides are very important for developing
optical élters and tunable multiplexers based on the multi-
reêector éltering technology [9, 10].

Thus, there exist many urgent physical and technological
problems which require the use of wide single-mode wave-
guides on thin SOI layers. Unfortunately, the large differ-
ence in the refractive indices of silicon and the surrounding
oxide make the problem of their manufacturing laborious.

We have proposed recently wide strip and grating loaded
(SGL) channel waveguides [11]. Preliminary investigations
have shown [11] that these waveguides have small losses and
a high level of selection of the fundamental mode with
respect to all other modes, which makes them quasi-single-
mode ones. The aim of this paper is a detailed study of new
wide SGL waveguides on thin SOI layers.

2. Single-mode optical strip and grating loaded
channel waveguides in a thin SOI layer

To meet the mutually contradicting requirements to a single-
mode waveguide with a broad transverse dimension of the
mode éeld in thin SOI layers, we will use the approach
successfully working in the case of heterogeneous wave-
guides [12, 13]. Namely, based on a silicon core, we will form
a channel waveguide and locate the additional regions with
a high attenuation coefécient of optical waves so that, due
to the different transverse éeld distribution, the fundamen-
tal mode have small losses and all the other modes ë very
large losses [11 ë 15]. To produce the basic waveguide struc-
ture, we will use the idea of constructing a channel wave-
guide with the help of a guiding strip located above the
planar waveguide [16].

Note that in real devices the channel waveguides are
often separated by deep grooves in silicon [17], intended for
thermal insulation of phase-shifting thermooptical elements.
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In this case, this type of the strip SOI waveguide [16]
becomes multimode one at any parameters of the guiding
strip. To provide selection of the fundamental mode with
respect to other modes of a wide waveguide, we will place
two more analogous strips along the sides of the main strip
forming the waveguide [11] in which diffraction gratings are
additionally produced to couple radiation out of the wave-
guide (Fig. 1a). To simplify the technology, it is assumed (but
not obligatory) that the strip forming the waveguide and
diffraction gratings are fabricated during one production
step, i.e. they have the same thickness d and are separated
from the silicon core of the planar base by the oxide layer of
thickness hc. In this case, the diffraction grating has grooves,
which are oriented perpendicular to the propagation direc-
tion of optical radiation and etched over the entire thickness
of the strip, while the whole structure after fabrication is
addtionally covered by the same oxide layer. This techno-
logical procedure allows one to exclude the inêuence of the
oxide etching below the strip on the optical properties of the
waveguide.

Note that the properties of this optical waveguide strongly

depend on the refractive index, the thicknesses and spatial
position of the elements forming the structure. To demon-
strate the high optical properties of the proposed waveguide
structures, we used, as an example, the strips made of the
silicon nitride (Si3N4) on the silicon dioxide sublayer. This
technology is widely used in photonics [18]. As in the case
of application of two-dimensional grating input ë output
elements, we consider here only TE-polarised waves whose
electric éeld vector lies in the waveguide plane. In the analysis
we used the following refractive indices: 1.447, 2.0, and
3.478 for oxide, silicon nitride, and silicon, respectively. The
SOI structure had the parameters standard for the silicon
photonics: the silicon core thickness of 220 nm, the oxide
buffer depth of 2 mm. This makes it possible to neglect the
effects of the optical leakage through the thick buffer oxide
layer from the waveguide to the silicon substrate.

These SGL waveguides can have very small losses (less
than 0.5 dB cmÿ1) [11]; therefore, the dimensions of the three-
dimensional waveguide structures to be analysed should be
rather large. This creates certain diféculties when attempts are
made to study them using the known numerical methods. At
the same time, the general SGL waveguide structure (Fig. 1a)
is very convenient for numerical simulations with the help
of the beam propagation method (BPM) [19], except the
regions with the submicron diffraction gratings, the poten-
tials of this method being insufécient for the correct analysis.

It is physically obvious that when an optical wave pro-
pagates along the SGL waveguide, the presence of the dif-
fraction grating will be revealed as a perturbation of the
refractive index and as the appearance of additional optical
losses caused by the grating coupling with the radiation
modes. It is known that within the framework of the effective
medium theory [20], the subwave three-dimensional periodic
structure can be replaced by an anisotropic élm whose
optical axis is perpendicular to the groove axis and the
ordinary and extraordinary refractive indices are determined
from the expressions [20, 21]:

n 2
o � �1ÿ f �n 2

1 � fn 2
2 ,

(1)

n 2
e � �n1n2�2=��1ÿ f �n 2

2 � fn 2
1 �,

where n1, n2 are the refractive indices of media 1 and 2; f is
the élling coefécients of medium 2. Therefore, in the absence
of resonances, it is proposed to simulate this three-dimen-
sional periodic waveguide structure with the help of an
equivalent waveguide (Fig. 1b) in which the diffraction grating
is replaced by a strip with the complex refractive index. Its
real part nr is determined by the effective medium theory
(nr � no for the TE polarisation), while the imaginary part
ni is found from the condition that radiation attenuation in
the equivalent structure coincides with the losses L of the
initial grating loaded waveguide. Thus, we assume that if
the correspondence of the parameters of the equivalent and
initial (grating loaded) waveguide is known, we can reliably
describe the optical properties of arbitrary SGL waveguides
using the BPM method.

3. Attenuation of optical waves in a grating
loaded SOI waveguide

Propagation of an optical wave in a strip SOI waveguide
under the diffraction grating can be analysed using different
methods [22 ë 24]. In this paper, we used the énite-differ-

Figure 1. Geometrical characteristics of the SGL waveguide. The general
view of the waveguide structure and the amplitude distribution of the
electromagnetic éeld of the fundamental mode (a), the general view of the
equivalent waveguide and electromagnetic éeld distribution of the érst
waveguide mode (b); ( 1 ) planar base of the silicon waveguide; ( 2 ) silicon
nitride strip above the buffer oxide layer; ( 3 ) silicon nitride diffraction
grating; ( 4 ) attenuation region of the equivalent waveguide; W and d are
the strip width and thickness; Wg0

is the diffraction grating width; Wg is
the region width between the strip and the grating; W0 is the total width
of the planar base of the waveguide; hc is the buffer layer thickness.
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ence time domain (FDTD) method [25, 26], which allows
numerical solution of the problem of optical beam prop-
agation in an inhomogeneous medium in the presence of a
three-dimensional diffraction grating with arbitrary param-
eters (without any additional simplifying assumptions). From
the convenience and technological expediency considera-
tions, we assume that the grating is of a rectangular shape
(Fig. 1a) with the groove width equal to the half the grating
period ( f � 0:5). When using the approach of equivalent
waveguides, it is important that at the working wavelength
l0 � 1:55 mm, we do not observe strong interference effects,
which can lead to drastic changes in the attenuation coef-
écient. The effective refractive index of a typical waveguide
on a thin SOI is 2.856; therefore, the grating period D is
chosen equal to 0.6 mm, which leads to radiation coupling
out at an angle slightly different from the normal to the
waveguide surface. In this case, the spectral transmission of
the grating loaded waveguide is a smooth function of the
radiation wavelength in a rather broad (more than 40 nm)
region, which makes it possible to describe it by the method
of effective waveguides.

We found the parameters of the equivalent waveguide
using a test three-dimensional structure representing a strip
waveguide of width W0 � 10 mm above which there was
located a diffraction grating of length l � 72 mm, width Wg0

�
9 mm, thickness d � 0:16 mm, and period D � 0:6 mm. This
structure contains the basic elements of the initial SGL
waveguide; however, the structure is more convenient for
the quantitative analysis by the FDTD method, which is
very critical to the size of the numerical simulation region.
We measured the optical signal using nine FDTD monitors
(for overlap and power integrals) placed equidistantly at l=8

from each other. We averaged the signals from each monitor
over the last 5000 values of calculated time intervals, plotted
their dependences as a function of the corresponding coordi-
nate, and determined the exponential attenuation coefficient.

At the érst stage, we found the attenuation coefécients of
the waves of the grating loaded waveguide at different hc and
d (Fig. 2). Then, we determined the values of ni, which provide
for the equivalent strip waveguide the same attenuation as
that for the test waveguide. In this case, the attenuation of
the equivalent strip waveguide was found from the imaginary
part of the complex effective refractive index neff determined
by using the 3D BPM method [20, 26]:

L � Im�Neff� � 545750=l0. (2)

The obtained values of ni as a function of d and hc are
shown in Fig. 2. They represent smooth functions with a strong
dependence on the coating thickness and a weak (� 0:5%)
change when the distance from the strip to the silicon core is
increased.

4. Numerical analysis of optical properties
of a strip and grating loaded channel waveguide

Note that the exact quantitative analysis of optical proper-
ties of three-dimensional waveguide structure (Fig. 1a) with
the strip and grating loaded coating is a difécult and unsolved
problem. In this paper, we propose a rather correct approx-
imate analysis based on the equivalent three-dimensional
waveguide (Fig. 1b), which requires, however, an additional
scientiéc substantiation. For this purpose, we selected a

Figure 2. Optical losses L and the imaginary part ni of the refractive
index of the coating of the test three-dimensional waveguide structure as
functions of the thicknesses of the élm (a) and buffer layer (b). Points are
the calculation of the test strip and grating loaded waveguide by the 3D
FDTD method, curves are the calculation of the equivalent waveguide
by the 3D BPM method.

Figure 3. Total losses of the fundamental (a) and érst (b) modes of the
SGL waveguide, calculated by different methods: by measurement data
of the overlap integral (~), power (!) as well as of the effective refractive

index by the BPM method (*); d � 0:16 mm, W0 � 32 mm, W � 10 mm,

and Wg � 2 mm.
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three-dimensional numerical experiment based on the FDTD
method for a series of waveguides with a strip and a diffrac-
tion grating containing 120 grooves.

The typical dependence of the attenuation coefécient for
different thicknesses hc of the buffer layer is presented in
Fig. 3. One can see that within the � 0:5 dB cmÿ1 error, the
calculation results of the optical losses in the equivalent
waveguide and the initial strip and grating loaded wave-
guide well agree with each other.

Therefore, the data of the numerical simulations of the
SGL waveguide by the 3D FDTD method (Fig. 3) allow one
to conérm reliably the assumption about a strong difference
in the attenuation levels of the fundamental and the érst
modes, which makes these waveguides almost single-mode
ones. The light propagation in the strip and grating loaded
waveguides can be described quantitatively by using the
approach of equivalent waveguides.

5. Optical properties of a strip and grating
loaded channel waveguide

As noted above, the optical properties of the SGL wave-
guide depend on many parameters such as the refractive
indices, thicknesses, and the mutual position of all the ele-
ments forming its structure. In a real waveguide, a signi-
écant contribution in the optical losses can be introduce
by scattering from the imperfect boundaries and by other
mechanisms of losses which are taken into account by the
introduced phenomenological parameter of scattering loss
in a planar waveguide (Lsc) [11]. Our aim is to énd such a
combination of the mentioned parameters at which small
losses of the fundamental mode and large losses for all other
waveguide modes are achieved.

Calculations of the equivalent waveguides by the 3D
BPM method showed that for almost all practically signié-
cant cases, only the érst two modes (m � 0 and m � 1) have
the minimum losses; therefore, we will consider only these
two modes in the analysis of the waveguide structures. We
assume that the SGL waveguides will be further used to
develop tunable optical élters based on the multireêector
technology [9, 10]. The studies performed earlier show [15]
that of most interest are slanted structures of the élters and
multiplexers with a large (more than 33 mm) step of the
location of the bar of connecting waveguides. In this geometry
of the device, high steepness of the temperature dependence
of the wavelength tuning (dl=dT � 0:6 nm Kÿ1) is achieved,
which can exceed by éve ë ten times the analogous values for
all other types of optical élters made of the same material.
The analysis shows that the larger the total width W0 �
�W� 2(Wg �Wg0 ) of the waveguide structure presented in
Fig. 1, the lower the optical losses and the high the selection
of the fundamental mode. Therefore, in this paper, we analysed
the suboptimal total width of the structure,W0 � 32 mm, and
observed how the optical properties of the SGL waveguide
change with changing its most significant parameters.

Figure 4 presents the calculations of the optical losses by
the 3D BPM mehod for an ideal SGL waveguide (Lsc � 0)
as a function of the thicknesses of the élm d and oxide buffer
layer hc at éxed widths of the region Wg, which separates the
guiding strip from the diffraction grating. One can see that
when the geometrical parameters of the structure change,
propagation losses in the waveguide substantially change, these
losses being signiécantly higher for the érst mode (m � 1)
than for the fundamental one (m � 0). We are interested in

the search for the suboptimal parameters at which the mini-
mum losses of the fundamental mode are accompanied by
high losses of other structure modes. To this end, we used the
parameter of additional losses Ladd introduced earlier [12]:

Ladd � l0L1 ÿ 3 dB, (3)

where l0 � 3 dB=L0 is the distance at which the funda-
mental mode attenuates by half; L0 and L1 are the losses of
the fundamental and érst modes. The physical parameter
Ladd is a measure of the fundamental mode selection
because it shows the degree of the additional decrease in the
signal of the érst mode with respect to the fundamental
mode in a waveguide with the characteristic length l0.

The calculation results of additional losses are shown in
Fig. 5 for different values of scattering losses and region widths
Wg. One can see that at rather perfect wavguide boundaries
(Lsc � 0:1 dB cmÿ1 [27]), suboptimal are the waveguides
with the region width Wg � 2 ë 3 mm, which provides the
fundamental mode selection at the ÿ40�ÿ60 dB level and
very small propagation losses (0.3 ±0.6 dB cmÿ1). These values
proved higher than those achieved in the case of heterogeneous
waveguides [13] (Ladd � 20 ± 30 dB). Note that depending on
the selected region width Wg, we can obtain a different loss
level of the fundamental mode at a high degree of its selection,
which is very important for the development of multireflector
filters and multiplexers [9, 10, 12 ± 15] with a different number
of tunable channels, having the waveguides of various length.
The large value of Wg (� 3 mm) provides the best quality of
selection at minimum losses. It is expedient to use it for very
long structures (longer than 3 cm). For example, for the
structure length of 3.1 cm, the total losses can be estimated
at ÿ1 dB and the first mode losses ± at ÿ20 dB. For shorter
structures, it is better to use smaller values ofWg. For example,

Figure 4. Optical losses of the fundamental (m � 0) and érst (m � 1)
modes of the SGL waveguide as a function of the élm thickness at
different thicknesses (in micrometers) of the buffer oxide layer hc and
Wg � 2 mm (a) and as a function of the buffer layer thickness at different

thicknesses Wg (in micrometers) of the region between the strip and the

grating and d � 0:16 mm (b); W0 � 32 mm, W � 10 mm, Lsc � 0.
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the 1.6-cm-long waveguide with Wg � 2 mm will have small
losses (ÿ1 dB) and a relatively good selection level of the
first mode (ÿ14:5 dB).

The single-mode behaviour of wide strip and grating
loaded waveguide is demonstrated in Fig. 6, which shows
the propagation of a Gaussian beam, displaced by 20% of
the width with respect to the waveguide axis, through the
waveguides on silicon of three types. One can see that in a
standard channel waveguide (Fig. 6a) and in an ordinary
strip waveguide (Fig. 6b), we observe the wave éeld distor-
tion due to the intermode interference. The SGL waveguide
provides strong suppression of all the modes except the zero

mode, which leads to a smooth distribution of the optical
éeld at its output. This makes the use of SGL waveguides
very promising in any optical elements where wide wave-
guides are required and where the high level of the inter-
mode interference suppression is necessary, for example, in
optical élters and multiplexers based on the multireêector
technology [9, 10, 12 ë 15].

6. Conclusions

The optical properties of a new wide single mode strip and
grating loaded waveguide have been described. These wave-
guides have been numerically analysed by the example of the
silicon-on-insulator structure containing an additional coat-
ing in the form of an oxide layer and three thin (� 0:12 mm)
silicon nitride strips. The central strip serves to produce a
multimode channel waveguide and the diffraction gratings
etched on the two side strips ë to select the fundamental
mode due to the lattice coupling with the radiation modes.
For the optimal choice of the structure parameters, we have
observed small (� 0:3 dB cmÿ1) losses for the fundamental
mode and high losses for all other modes, which makes the
wide waveguide (with the transverse mode éeld dimension
of � 10 mm) almost single-mode one. Additional losses of
the érst and further modes can achieve ÿ60 dB in a wave-
guide of the characteristic length providing the attenuation
of the fundamental mode at ÿ3 dB. We have proposed the
concept of equivalent waveguide to describe the optical
properties of such three-dimensional waveguide structures,
in which the diffraction grating is replaced by a strip with a
complex refractive index; the parameters of the latter are
taken from the equality condition of losses in the grating
loaded waveguide and coated waveguide. This has allowed
us to analyse different SGL waveguides by using the 3D
BPM method. The correctness of this description has been
veriéed by direct numerical 3D simulations using the FDTD
method. Wide quasi-single-mode SGL waveguides are pro-
mising for the joint use with the diffraction elements of
radiation coupling into thin waveguides, with the elements
of intersection of wide and thin waveguides as well as for
the development of new types of tunable optical élters and
multiplexers based on the multireêector technology.

Acknowledgements. The author thanks RSoft Design Group
Inc. for granting the licence and providing support of the
RSoft Photonic CAD Suite 8.0 software package [26], which
enabled us to perform numerical simulation using the FDTD
and BPM methods. This paper was supported by the Russian
Foundation for Basic Research (Grant No. 10-02-01164-a).

References
1. Reed G. T. Silicon Photonics. State of the Art (Chichester,

England: John Wiley & Sons, 2008).
2. Soref R.A., Schmidtchen J., Petermann K.J. Quantum Electron.,

27, 1971 (1991).
3. Bogaerts W. et al. J. Lightwave Technol., 23, 401 (2005).
4. Pafchek R. et al. Appl. Opt., 48, 958 (2009).
5. Cardenas J. et al. Opt. Express, 17, 4752 (2009).
6. Taillaert D. et al. IEEE Photon. Technol. Lett., 15, 1249 (2003).
7. Bogaerts W. et al. Opt. Express, 15, 1567 (2007).
8. Bogaerts W. et al. Opt. Lett., 32, 2801 (2007).
9. Tsarev A.V. Nano- and Microsystem Technique, 4, 51 (2007).
10. Tsarev A.V. Tunable Optical Filters, US Patent No 6.999.639,

February 14, 2006, Foreign Application Priority Data Sep. 06,
2001.

Figure 5. Additional optical losses of the SGL waveguide as a function
of the buffer layer thickness at different optical losses Lsc (in dB cmÿ1) in
the planar waveguide (a) and as a function of the buffer layer thickness at
different widths Wg (in micrometers) of the region between the strip and
the grating and Lsc � 0:1 dB (b); d � 0:16 mm, W0 � 32 mm, W � 10 mm.

Figure 6. Propagation of a Gaussian beam displaced by 2 mm through

different wide waveguides on thin SOI structures ± silicon strip wave-

guide (a), silicon waveguide with a silicon nitride strip (b), and silicon

waveguide loaded by a silicon nitride strip and grating (c); d � 0:16 mm,

hc � 0:12 mm, W0 � 32 mm, W � 10 mm, Wg � 2 mm.

Optical properties of wide single-mode strip and grating loaded channel waveguides 1173



11. Tsarev A.V. Opt. Express, 17, 13095 (2009).
12. Tsarev A.V. Kvantovaya Elektron., 37, 775 (2007) [Quantum

Electron., 37, 775 (2007)].
13. Tsarev A.V. Kvantovaya Elektron., 38, 445 (2008) [Quantum

Electron., 38, 445 (2008)].
14. Tsarev A.V., De Leonardis F., Passaro V.M.N. Opt. Express,

16, 3101 (2008).
15. De Leonardis F., Tsarev A.V., Passaro V.M.N. Opt. Express,

16, 21333 (2008).
16. Ramaswamy R.V. Bell Syst. Techn. J., 53, 697 (1974).
17. He Y. et al. Opt. Eng., 44, 040504 (2005).
18. Daldosso N. et al. J. Lightwave Technol., 22, 1734 (2004).
19. Frank M., Herrmann D., Huang Z. Lightwave, 19, 108 (2002).
20. Rytov S.M. Zh. Eksp. Teor. Fiz., 29, 605 (1955).
21. Kikuta H., Toyota H., Yu W. Opt. Review, 10, 63 (2003).
22. Harris J., in Introduction to Integrated Optics. Ed. by

M.K. Barnoski (New York: Plenum, 1973).
23. Suhara T., Nishihara H. IEEE J. Quantum Electron., 22, 845

(1986).
24. �Ctyroky J. et al. Opt. Quantum Electron., 34, 455 (2002).

25. Tavlove A. Computational Electrodynamics: The Finite-Difference
Time-Domain Method (Norwood, MA: Artech House, 1995).

26. www.rsoftdesign.com.
27. Borselli M., Johnson Th., Painter O. Opt. Express, 13, 1515

(2005).

1174 A.V. Tsarev


