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Abstract—Single-mode waveguiding devices are desired for
photonic integrated circuits. Previous studies on the single-mode
conditions (SMCs) of a Silicon-on-insulator (SOI) rib waveguide
lack a comprehensive discussion to include a large to small range of
cross-section cases, thus revealing the discrepancies of various
determination methods. Here, we re-analysis the SMCs for large
and small SOI rib waveguides by utilizing a finite-element method
mode solver. The results are compared with both classical SMCs of
Soref’s expression and Pogossian’s effective index method,
indicating that the constant value shown in the Soref’s analytical
expression depends on the rib heights and polarizations. For
transverse-electric polarized light and the waveguide height
exceeding 5 µm, is approaching that of Soref’s equation; if the
height is ≤5 µm, then
0.35, 0.4, 0.45, 0.7, and 1.0 are determined
for the cases of 5, 3, 2, 0.8, and 0.4 µm heights, respectively. However,
for transverse-magnetic polarized light, if the height  2 µm, is
constant (0.25) and independent on the rib heights, and
0.18
and 0.12 are attained for the cases of 0.8 and 0.4 heights, respectively.
This detailed analysis indicates that a wider rib width can be used
while preserving a SMC leading to devices with improved coupling
efficiencies and reduced insertion losses for on-chip photonic
circuits.
Index Terms—Integrated photonics, Silicon rib waveguide,
single-mode conditions, fill factor, mode loss.

I

mode profile mismatch is a key issue affecting the coupling
efficiency [6, 7]. For a single-mode fiber, the fundamental
mode profile on the cross-section approximates a Gaussian
distribution with a circularly symmetrical mode profile.
However the mode profile of a waveguide is typically
unsymmetrical, its mode area is much smaller than that of the
fiber mode leading to a low coupling efficiency. Therefore a
large waveguide cross-section is desired for a better coupling
efficiency when optical inputs/outputs are required towards
connecting the chip with optical fibers while preserving a
single-mode character. Figure 1 shows a typical rib waveguide
geometry on SOI.

I. INTRODUCTION

ntegrated photonics has received remarkable research
attention for systems on a Silicon platform due to its excellent
thermal, optical, electrical properties, and synergy to
semiconductor processing lines [1, 2]. Silicon-on-insulator
(SOI) material offers crucial advantages because of the high
contrast in refractive index and the process compatibility with
traditional complementary metal-oxide semiconductor
technology [3]. Single-mode propagation (i.e., only support a
fundamental mode) is usually required for photonic waveguide
devices in an optical data link [4], which may avoid unwanted
effects such as coupling loses, and dispersion between modes.
A prominent waveguide type is the rib structure often deployed
in photonic integrated circuits (PICs), e.g., sub-micron SOI rib
waveguides [5]. As PICs couple to single-mode fibers, the
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Fig. 1. Cross section of a typical SOI rib waveguide with various design
parameters, where is the total rib height, is the slab height, is the rib
width, and is the ratio of the slab height to the total height (i.e., / ).

R.A. Soref et al. first proposed an expression to determine
whether a rib waveguide conforms to a single mode, and the
expression is written by [8],
，

0.5

(1)

where is the ratio of the slab height to the total rib height (i.e.,
/ ), is a constant. In [8], = 0.3 is obtained by using a
beam propagation method (BPM). This expression was further
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effective-index method (EIM) [9]. A more stringent singlemode condition was demonstrated, i.e., = 0, which showed
better agreement with experimental data [10]. The difference
between the two aforementioned formulas with = 0.3, and 0
is obvious due to the less about 30% of rib width for the latter.
Recent numerical studies [11, 12] indicate that Soref’s criterion
is adequate, as shown in Rickman’s experiments [10], where
the difference of two nearest rib widths approximately equals
to 1.0 µm. However, the tolerance can be controlled within 0.2
µm due to realistic processing accuracy of modern
semiconductor technology. Our simulations show that a large
variation in the mode profiles is observed in terms of first
higher-order mode (i.e., the next higher-order mode beyond the
fundamental mode) profile shape for a large cross-section
waveguide (i.e.,
2 m) although the rib width increases as
small as 0.1 μm. Therefore more accurate experimental data and
further analysis are needed to confirm the single-mode
conditions.
However, other approaches attempt to tackle the question on
limits of the single-mode conditions for SOI waveguides, as
briefly discussed next. For instance, a finite-difference BPM
was utilized to compare the previous results (e.g., Soref’s
expression), resulting in a = 0.3 (1) is more accurate than α =
0 from [13, 14]. X.J. Xu et al. achieved a simple criterion
determining whether an optical mode is guided or not by using
a film mode matching (FMM) method [15], where if the modal
, is larger than that of the outer
effective refractive index,
slab for transverse-electric (TE) polarized light, this mode is
considered ‘guided’, and vice versa. W. Du et al. utilized the
similar criterion to find an effective guiding mode condition,
but the analysis was for Silicon carbide waveguides [16]. D. Dai
et al. proposed two criteria to confirm the single-mode
condition [17], including a guided mode having a leakage loss
of < 200 dB/mm combining with ≥ 5 % optical power confined
to the rib region.
In this work, we re-investigate the single-mode waveguide
conditions for SOI rib waveguides with large and small cross
sections, respectively, at telecommunication wavelengths in the
C-band. The mode solver based on the numerical technique of
finite elements method (FEM) is introduced to analyze these rib
waveguides and estimate the number of optical modes. The
mode properties such as effective refractive index, fill factor,
and mode loss are comprehensively studied, respectively,
which can be used to determine a single-mode condition. Under
the premise of both fixed height and etching depth for a SOI rib
waveguide, a critical width is the width determining the rib
waveguide propagating a single (multiple) optical mode(s) as
its width is less (more) than the critical width. A single-mode
sensitivity analysis considering different waveguide heights is
performed while keeping the critical point-condition in mind.
Lastly, the constant, , shown in the Soref’s analytical equation
is re-fitted for TE and transverse-magnetic (TM) polarized light,
respectively.
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II. SIMULATION METHOD
The single-mode waveguide analysis is performed via a
commercially available FIMMWAVE software package, with
built-in film mode matching [15, 18], FEM [19-21], and finite
difference method (FDM) [22-25] based mode solvers having
full-vectorial mode options, respectively. Toward achieving
propagation loss, perfectly matched layers that can apply the
lossy yet reflectionless function were added here at the
boundaries of a simulation domain. When a rib waveguide is
close to the single-mode limitation, its first higher-order mode
(i.e., mode other than a fundamental mode) may extend
significantly into the horizontal direction (i.e., slab region). In
this section, we briefly introduce FEM numerical technique.

Fig. 2. Cross-section of a SOI rib waveguide divided by a mesh of triangles
using a FEM method. The effective refractive index of vertical fundamental 1D
mode, 1D , can be calculated from the outer slab regions labeled by red
dashed lines. A wider computation window is required for the mode solving
near cut-off, and the computation window width with 17 times rib width were
employed here.

A. FEM mode solver
Finite element method is a powerful and efficient tool for
solving most guided-wave problems [19-21]. The initial
assumption is that the vectorial wave equation can be given by,
,

,

,

0,

(2)

where
, is the electric field that is the solution of
is the free space wave number, and
Maxwell’s equations,
2 / , is the light wavelength in vacuum,
, is
the index distribution at a waveguide cross-section, and is the
propagation constant. The solution of (2) can be obtained by
finding electric field that satisfies the stationary condition of the
function,
Ψ

,
,

.

(3)

The next step is to generate a mesh of triangles, where the
entire structure is divided into N discrete elements (Fig. 2). The
electric field
,
in an element is approximated by a
linear function of and ,
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,

,

(4)

where , , are the constants for the element , and may
be determined based on the properties of specific element. Each
element is triangular in shape, defined by three nodal points.
The overall solution (i.e., the electric field distribution and the
propagation constant) of the entire domain is formed by the
summation of these individual elements; that is,
Ψ

∑

Ψ

(5)

The effective refractive indices,
, of the modes in the
waveguide are thus determined by the relation,
/2π for both TE and TM polarized light, respectively. The
accuracy of the solution depends on the mesh density, which is
controlled by setting a minimum number of mesh elements per
the diagonal (e.g., > 120) in a computational window of the
FIMMWAVE software. Note, the accuracy may be moderately
improved by setting the parameter of mesh density increased on
edges, which is proportional to the edgeRefineCoeff factor
shown in the software.
B. Single-mode determination
To determine whether a waveguide mode is guided, a
rigorous common method termed by ‘determination’ is used
here [18]. First, we use a FMM mode solver to obtain the
effective refractive index of the vertical fundamental 1D mode
( (1D) TE or (1D) TM) confined in the outer slab regions
(labeled by red dashed lines in Fig. 2) [15]. Second, the modal
effective refractive index of a waveguide mode (i.e., first
, calculated by FEM is compared with
higher-order mode),
(1D). If
(1D) for TE or TM polarized light, this
mode is guided, and vice versa. This is a valid assumption, since
field if
< (1D)
an eigenmode generates a radiative
TE is satisfied, and a radiative
field if
< (1D) TM is
satisfied.
III. NUMERICAL RESULTS AND DISCUSSION
In this section we discuss the numerically obtained results
based on the aforementioned methods. A horizontal line in each
figure represents the effective refractive index of the vertical
fundamental 1D mode (from the FMM mode solver), and the
curved lines are related to the effective indices of first higherorder mode (from FEM mode solver). The critical width
indicating a single-mode condition is determined by the cross
points between the horizontal line and the curved lines.
A. Effective refractive index
The rib waveguide structure with various cross sections is
investigated next. As an example, we use the rib waveguides of
2 μm height on a 2 μm thick SiO2 layer, with the various ratios
of the slab height to the total rib height, . For each, the
effective refractive indices,
, of first higher-order mode and
the fundamental 1D mode are calculated for TE and TM
polarization, respectively. For a rib width, , smaller than a
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of the higher-order mode is lower than that
critical width,
of fundamental 1D mode for each polarization, leading to a cutoff condition of the higher-order mode and thus enabling only
the propagating of the fundamental single mode. As
increases, if the width is larger than the corresponding critical
width, resulting in
of a higher-order mode exceeding that
of the fundamental 1D mode, this indicates that more than one
optical mode may be supported in this waveguide.
The critical width of a SOI rib waveguide with various is
evaluated for the single-mode condition through the
of the higher-order mode with that of the
comparison of
vertical fundamental 1D mode (Fig. 3 black horizontal line).
Each figure shows the corresponding critical widths by using a
FEM mode solver.

Fig. 3. Effective refractive indices of first higher-order mode as a function of
rib widths by using a FEM mode solver at (a) = 0.55 for TE10 mode, (b) =
0.55 for TM10 mode, (c) = 0.70 for TE10 mode, (d) = 0.70 for TM10 mode,
(e) = 0.80 for TE10 mode, and (f) = 0.80 for TM10 mode, respectively. The
rib waveguide height is equal and kept constant to 2 µm each.

For instance, when = 0.55, the crossover points of 2.2
(1.83) μm representing the critical widths are observed for TE
(TM) polarization, respectively (Fig. 3a, b). Similarly, when =
0.70, the critical width of 2.89 (2.5) μm are obtained for TE
(TM) polarization (Fig. 3c, d). Figure 3 (e) and (f) show the
critical widths of 3.57 μm and 3.14 μm for TE and TM
polarizations, respectively, when = 0.80. The single-mode
conditions for more waveguide geometries with various will
be shown in the section IV.
B. Fill factor and mode profiles
Fill factor (i.e., confinement factor) is a measure by the
fraction of the mode power flux located inside the waveguide
region with respect to an infinite region. Toward calculating a
fill factor, the region of the waveguide cross-section need to be
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determined. In this work, a rib region (without the slab region)
is selected, and fill factor is defined by [18],
Fill factor

∙
∙

(6)

where (s) is the power in a region, and is the waveguide
region. The determination method denotes that optical power
confined in a rib region must have ≥ 5 % for an effective mode
propagation [17]. To utilize the fill factor as a determination
method, the variations of the fill factor with respect to are
shown at = 0.55, 0.70, and 0.80, respectively (Fig. 4). Similar
to the aforementioned effective refractive index method, the fill
factor is calculated for each . The horizontal black line in each
figure indicates that rib waveguides only support a fundamental
mode, and the confinement of higher-order modes are weak as
the corresponding fill factor is below 5%. With an increasing ,
the confinement of these higher-order modes gradually
improves due to a larger fill factor, and a first higher-order mode
may start to propagate in the waveguide if the corresponding
fill factor exceeds 5%. A consistent single-mode condition with
a critical rib width of 2.2 (1.8) μm for TE (TM) polarization is
observed (Fig. 4a, b), and provide a good agreement with values
determined by the effective refractive index method. Similarly,
when = 0.7, the critical rib width is 2.9 (2.42) μm for TE (TM)
polarization, respectively (Fig. 4c, d). Figure 4(e) and (f) show
the critical width of 3.6 (3.08) μm for TE (TM) polarization,
respectively, when = 0.8.

4

In order to visually understand the process of single-mode
condition, the electric field intensity profiles at the cross-section
of a rib waveguide with various rib widths are recorded for
TE10 and TM10 modes, respectively (Fig. 5). The first higherorder mode is leaky as the rib width approaches the critical
width of 2.2 (1.83) μm for TE (TM) mode (Fig. 5a, d), which
verifies the critical width condition in the aforementioned cases
for the effective refractive index and fill factor methods. Note,
although having the rib width difference as small as 0.1 μm,
there is a significant variation on the mode intensity distribution
profiles. For instance, the confinement of TE10 mode at =
2.2 μm is obviously weak, becoming stronger at the width
increased only up to 2.3 μm (Fig. 5b, c).

Fig. 5. Evolution of electric field intensity profiles of first higher-order mode at
the large cross-section rib waveguide with the various widths of (a) = 2.1 μm,
(b) = 2.2 μm, (c) = 2.3 μm for TE10 mode, and (d) = 1.7 μm, (e) =
1.8 μm, (f) = 1.9 μm for TM10 mode, respectively. = 0.55, = 2 μm are
used in the waveguide geometry. In order to show the mode profile in each rib
region, the cross-section dimensions of the waveguides are not scaled.

C. Mode loss
One of the important parameters characterizing optical
waveguides is the loss factor; a large nominal propagation loss
may considerably influence performance of waveguide-based
photonic devices. The loss related to one optical mode can be
calculated by the imaginary part of its effective refractive index
[16],
Loss dB

Fig. 4. Fill factor dependence on rib widths by using a FEM mode solver at (a)
= 0.55 for TE10 mode, (b) = 0.55 for TM10 mode, (c) = 0.70 for TE10
mode, (d) = 0.70 for TM10 mode, (e) = 0.80 for TE10 mode, and (f) =
0.80 for TM10 mode, respectively. The rib waveguide height is equal and kept
constant to 2 µm each.

10log

∙

∙

,

(7)

where is the optical wavelength, here = 1.55 µm, and
Im
is the imaginary part of complex mode effective
refractive index. Since a large loss optical mode cannot
propagate in a waveguide, the loss calculation for each mode
may be adopted for the determination of a single-mode
waveguide. The absorption coefficient ~7.78/cm of Si material
at 1.55 µm wavelength is imported into the material database of
FIMMWAVE software, which is calculated using the
imaginary part of 9.610-5 from complex Si refractive index at
the same wavelength [26]. Our results show that for a
2 m
rib waveguide the cut-off condition of a first higher-order mode
is the loss coefficient of larger than 36 dB/cm for both TE and
TM polarizations when the width is shorter than the critical
width, and hence indicates that being a single-mode waveguide
(Fig. 6). Comparable cut-off loss coefficient value (i.e., >30
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dB/cm) was also observed for a first higher-order mode in a
similar large cross-section rib waveguide [27]. For a waveguide
width exceeding the critical width, its loss coefficient of the
same order mode can be < 36 dB/cm, and thus indicates that
being a multi-mode waveguide. For instance, for a rib
waveguide with = 0.55 having the critical width of 2.2 μm, as
= 2.1 μm, the loss of TE10 mode is 38.1 dB/cm (Fig. 6a),
showing that only one single mode is propagated in this
waveguide. With the width increased up to 2.2 μm, we achieve
a 35.1 dB/cm loss of the TE10 mode, which denotes that the
TE10 mode can be effectively supported. As expected, the first
higher-order mode loss is decreased for the increasing rib
widths due to a reduced amount of power leakage of the wider
rib. Note, due to the existence of tolerance (we choose 0.1 μm
as a step for the waveguide design), the higher-order mode may
be guided in a waveguide with critical width. For instance, a rib
waveguide with = 2 μm and = 0.55, the critical width of 2.2
at the different widths, due
μm is obtained by comparing
to
for = 2.1 μm less than that of the fundamental 1D
mode (Fig. 3 black line). While
for = 2.3 μm is larger
than that of the fundamental 1D mode, the critical width is thus
determined by 2.2 μm. However, using the loss determination
method, the TE10 mode with = 2.2 μm can be supported (Fig.
6a). We conclude that the actual critical width is between 2.1
μm and 2.2 μm. Therefore, in theory the accuracy of critical
widths for the single-mode condition is less than 0.1 μm for the
loss determination method.

5

IV. SUMMARY OF SINGLE-MODE CONDITIONS

Fig. 6. First higher-order mode loss dependence on rib widths by using a FEM
mode solver at (a) = 0.55 for TE10 mode, (b) = 0.55 for TM10 mode, (c)
= 0.70 for TE10 mode, (d) = 0.70 for TM10 mode, (e) = 0.80 for TE10 mode,
and (f) = 0.80 for TM10 mode, respectively. The rib waveguide height is
equal and kept constant to 2 µm each.

0733-8724 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JLT.2016.2579163, Journal of
Lightwave Technology

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) <

6

large cross-section cases (i.e.,
2.0 µm, Fig. 7). Note, when
the height further increases, these single-mode curves evaluated
by FEM mode solver for TE mode are approaching that of
Soref’s equation, while those for the TM single-mode curves
show slight variations when
2 μm. In addition, Fig. 7 can
verify the more accurate Soref’s criterion than the Pogossian’s
criterion (i.e., EIM curves). Compared with both existing
methods, i.e., Soref’s and EIM single-mode conditions, our
results show that a larger rib width (i.e., 5% ~ 60% if
3
μm) can be used while still adhering to the single-mode
condition. Devices formed based on this finding, can therefore
be improved with respect to coupling efficiency with fibers.
Note, for the small cross-section waveguides, we found that
the critical widths are not sensitive to the single-mode
conditions, and a larger rib width (e.g.,
2 for the
waveguides with
0.8 m) can be attained in contrast to the
large cross-section cases. The value exceeds ~2 when
increases to be 0.7 for TE polarization (Fig. 7a). We visually
show this process of the evolution of electric field intensity
profiles through the rib width spacing of 0.1 m (Fig. 8). The
first higher-order modes of =0.75 m, 0.85 m waveguides
are the leaky modes (Fig. 8a and b), indicating that both
waveguides are single mode.
TABLE I
THE VALUES OF  FOR VARIOUS RIB HEIGHTS
Height (μm)
(TE)
0.4
1
0.8
0.7
2
0.45
3
0.4
5
0.35

Fig. 7. Comparison of the single-mode conditions for SOI rib waveguides with
(a) = 0.4 μm, (b) = 0.8 μm, (c) = 2 μm, (d) = 3 μm, and (e) = 5 μm
by using FEM, Soref, and EIM methods for TE and TM polarizations,
respectively. can be obtained by fitting these curves using (1). The area above
(below) each line represents the multi (single)-mode region.

We have utilized a FEM-based mode solver and various
determination methods to find single-mode conditions for a SOI
rib waveguide with a fixed height of = 2 µm. Here we extend
this study to technologically-relevant small cross-section cases
of = 0.4 µm, 0.8 µm and the large cross-section cases of =3
µm, 5 µm, respectively (Fig. 7). The constant, , originating
from (1), is fitted here for comparison. We find that is
dependent on the waveguide geometry and polarizations.
Similar case was also achieved for small SOI rib waveguides
(i.e.,
< ~1.0 m) with the single-mode conditions
dependence on waveguide dimensions [5， 28]. It is interesting
to note that no single value of results in a good simultaneous
fit for all cases. For TE mode, is monotonically decreased
with increasing height, which is modified by 1, 0.7, 0.45, 0.4,
and 0.35 at = 0.4 µm, 0.8 µm, 2 μm, 3 μm, and 5 μm,
respectively (Fig. 7, TABLE I). Interestingly, for the TM mode,
is increased with increasing height for the small cross-section
waveguides (i.e., < 1.0 µm), but is constant at 0.25 for the

(TM)
0.12
0.18
0.25
0.25
0.25

Fig. 8. Evolution of first higher-order TE mode profiles at the small crosssection rib waveguide with the various widths of (a) = 0.75 μm, (b) = 0.85
μm, (c)
= 0.95 μm, respectively. = 0.7,
= 0.4 μm are used in the
waveguide geometry. In order to show the mode profile in each rib region, the
cross-section dimensions of the waveguides are not scaled.

It is worth to point out that two other mode solvers
including film mode matching and finite difference method are
used to verify the single-mode conditions for the same cases,
respectively. We obtained very similar results, showing slight
difference of those critical widths for three mode solvers.
Theoretically, as long as a reasonable accuracy for each solver
is ensured, these results are consistent, and are able to converge
to one solution.
V. CONCLUSION
In conclusion, we have comprehensively investigated the
single-mode conditions for large and small corss-section SOI
rib waveguides at 1550nm wavelength by using a FEM mode
solver. Various determination methods such as EIM, fill factor,
and mode loss are used to provide a critical width for
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determining the single-mode propagation conditions. For
instance, the critical widths at a waveguide height of 2 μm with
various are achieved by comparing modal effective refractive
index of first higher-order mode with that of fundamental 1D
mode. The fill factor and mode loss methods further validate
those critical widths obtained by EIM determination method.
The optimized single-mode design can be attained by
choosing an appropriate value of , originated from the Soref’s
equation. We conclude that there is no single value for that
can satisfy all the waveguide structures. For instance, at a =
0.4 µm, 0.8 µm, 2 µm, 3 µm, and 5 µm rib waveguide, = 1,
0.7, 0.45, 0.4, and 0.35 are fitted for TE mode, respectively, and
= 0.12, 0.18, 0.25, 0.25, 0.25 for TM mode. However, if the
height exceeds 5 µm, for TE polarized light is approaching that
of Soref’s equation; if the height exceeds 2 µm, for TM polarized
light is independent on the rib heights and a constant of 0.3.
These modified ’s may provide a wider range of rib widths for
a single-mode operation compared to the Soref’s equation, and
the formed photonic devices are thus beneficial to the better
coupling efficiency with optical fibers and low insertion loss for
on-chip photonic circuits.
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