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Analysis of Leakage Properties and 

Guiding Conditions of Rib Antiresonant 

Reflecting Optical Waveguides 
Ignacio GarcCs, Francisco Villuendas, Juan zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA. VallCs, Carlos Dom’nguez, and Mauricio Moreno zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Abstract- Power leakage properties and guiding conditions 
of rib antiresonant reflecting optical waveguides (rib-ARROW) 
have been theoretically and experimentally studied as a func- 
tion of wavelength and polarization of the light for different 
geometrical and optical parameters that characterize the rib- 
ARROW structure. Obtained results show that rib-ARROW’S 
can only be fabricated with low losses in a wavelength range when 
determined rib configurations are adopted. Furthermore, these 
waveguides exhibit a polarization sensitivity that largely depends 
on the core-substrate refractive index difference. Together with 
the experimental results, theoretical calculations from different 
modeling methods are also presented and discussed. 

I. INTRODUCTION 

NTIRESONANT reflecting optical waveguides (AR- A ROW) are integrated waveguides in which guided field 

is confined by antiresonant Fabry-Perot reflections rather 

than total internal reflections, at least at one of the faces 

which is usually the substrate cladding [l]. This fact implies 

some power leakage of antiresonant modes into the substrate 

although losses may be reasonably low with a convenient 

design of the structure. Antiresonant waveguides fabricated 
using the advantages of silicon technology have attracted 
a great interest lately because they provide single mode 
operation in the transversal direction with a low index guiding 

layer (usually SiO2) and a size of the structure that allows good 

compatibility with single mode optical fibers [2]. Furthermore, 

ARROW structures have been studied because they present 

selective losses depending on the wavelength and on the 

polarization of the light, and accordingly, can be used as 

integrated wavelength filters and polarizers zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[3]-[5]. Therefore, 

conditions for leakage of guided light are achieved by a 
suitable design of the structure, where ARROW operation is 
controlled by a proper use of refractive index and thickness 
of the antiresonant layers. Another advantage is that substrate 
cladding can be made reasonably thin because of the shielding 

effect of the antiresonant structure, avoiding the use of thick 

substrate claddings that require long deposition processes. 
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Lateral confinement of the slab antiresonant modes is 
achieved in the waveguides that are subject of this work 

by means of a rib structure. As much as the ARROW 
structure provides the conditions for power leakage from the 

waveguide, rib parameters such as rib depth and waveguide 

width determine the guiding conditions of the light in the 

ARROW. The objective of this work is to study, theoretically 

and experimentally, the behavior of the rib antiresonant modes, 
taking into account the features pointed out above in both 

transversal (ARROW) and lateral (rib) directions. Then, the 

influence of optical properties of the ARROW structure in 

the radiation power leakage through the high index substrate 

is analyzed as a function of wavelength and polarization of 

the light. Rib parameters also have strong influence in the 

performance of rib-ARROW’S, and if they are not properly 

controlled, some problems such as the loss of the fundamental 

mode for narrow waveguides or too high losses may arise for 

guides with low rib heights. So, the attenuation behavior and 

the modal distribution are also studied as a function of the 

parameters of the rib, in particular, as a function of the width 

and depth of the rib. 
The theoretical modeling has been performed by successive 

steps. First, the radiation power leakage through the high index 
substrate can be analyzed by means of an equivalent slab 

ARROW structure. Then a simple matrix transfer method has 

been used for predicting the main features of the power leakage 

versus wavelength and polarization of the light as a function 

of the optical properties of the ARROW layers. On the other 

hand, a scalar 3-D beam propagation method is required for 

modeling the complete structure, in particular, for studying the 

main characteristics of the attenuation as a function of the rib 

parameters. 
The experimental study of power leakage and guiding 

conditions of rib waveguides have been carried out on rib- 
ARROW’S made by a CMOS technology compatible process 

[6].  Finally, wavelength and polarization attenuation measure- 

ments as a function of antiresonant layers parameters and for 

different rib widths and etching depths are also reported, as 
well as some results concerning modal behavior of propagated 

modes derived from field distribution measurements. 

11. THEORETICAL APPROACH 

The radiation power leakage into the high index substrate 

of ARROW structures can be understood from the analysis 
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Fig. 1. 
the structures used for theoretical calculations. 

Rib-ARROW and slab ARROW structures with the parameters of 
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Fig. 2. 
Fig. 1 for nCOpe = 1.464. 

Calculated attenuation for the slab ARROW structure depicted in 

of modes propagated through a planar equivalent structure. 

Slab waveguides and cylindrical optical fibers (actually one 

dimensional guiding structures) have exact solutions for the 

propagation constants in the sense that we can speak about 
strictly guided or leaky modes. As it is well known, slab 

ARROW's as shown in Fig. 1 are leaky structures which 

can be solved analytically, leading to modes with complex 
propagation constants. The imaginary part of the propagation 
constant accounts for radiation losses through the substrate 

which are dependent on the wavelength or polarization of 

the light and are determined by the thickness and refractive 

index of the ARROW layers. Then, a simple one dimensional 

transfer matrix method can provide the main features of 

the power leakage as a function of the parameters of the 
ARROW structure. Fig. 2 shows calculations performed for 

the attenuation of the fundamental TE and TM mode against 
wavelength for a slab ARROW with the structure displayed in 
Fig. 1. When the wavelength of the light holds the condition 
for transverse quarter wave, the maximum reflection at these 
layers and the minimum losses are achieved, while when it 
holds the half wave condition, the reflection is minimum and 

the field penetrates into the high index substrate, leading to 

high radiation losses. These radiation losses are much higher 

for TM than TE polarization, as it is clearly observed in the 

figure. 
The attenuation peak is determined by the transverse half 

wave condition, that for both polarizations essentially depends 

600 650 700 750 800 850 900 950 1300 
Wavelength (nm) 

Fig. 3. Slab ARROW attenuation curves for 1.460, 1.464, and 1.480 core 
refractive indexes, considering a substrate cladding layer with 1.46 refractive 
index. (a) TM polarization and (b) TE polarization. 

on the thickness and refractive index of the high index layer. 

Notwithstanding, the maximum attenuation value as well as 

the position shift between TE and TM peaks are governed by 
the core-substrate cladding refractive index difference. This 

effect can be observed in Fig. 3, where altenuation curves 
for TE and TM polarizations are represented as a 'unction 
of wavelength for several core refractive indexes, considering 
a substrate cladding layer with a refractive index of 1.46. 
The maximum value of the attenuation peak repres1:nts the 

attenuation that would have a similar waiveguide without 

the antiresonant high index layer, while the low attcnuation 

values are achieved because of the shielding effect of this 

layer when the wavelength holds the transversal quarter wave 

condition. So, ARROW structures allow low radiation losses 
for relatively thin substrate cladding layers. 

The results in this figure also show that as the core rcfractive 
index becomes higher, the position of the attenuation peaks 
tends to shorter wavelengths, because the transverse quarter 
wave condition changes and in different way for TM and TE 
polarizations, and the maximum attenuation value de creases. 
This fact is due to exponential decay of the propagatcd mode 
field distribution in the substrate cladding when its effective 

propagation index exceeds the refractive index of the znbstrate 

cladding layer and, accordingly, reaches the silicon znbstrate 

with lower field amplitude. 
It is well known that ARROW's are highly polarization 

dependent as can also be observed from Figs. 2 and 3 .  There 
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Fig 4 Slab ARROW attenuation for TE and TM polanzations around the 
low loss wavelength region for core refractive indexes of (a) 1.460 and @) 
1 464 

is a difference in waveguide losses between TJ3 and TM modes 

for all wavelengths, being higher at the attenuation peaks than 

in the low loss wavelength range. Fig. 4(a) and @) show 

attenuation values near the minimum loss wavelength, that for 
the parameters given in Fig. 1 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn,,,, = 1.46 is 600 nm, 
for two different core refractive indexes. Then, a difference in 
attenuation between polarizations of 0.3 dB is calculated for 

a 1.464 refractive index core waveguide at this wavelength, 

while 2 dB is achieved when core and substrate cladding 

have similar refractive indexes. Then, nearly polarization 

independent waveguides can only be obtained around the 

design wavelength if the refractive index of the core is properly 

chosen. Out of this spectral region, ARROW structures always 

present high polarization dependence, leading to higher and 

wider attenuation peaks for the TM polarization. 

Besides the power leakage properties, the guiding conditions 

of ARROW'S in the lateral direction are determined by the 

rib configuration. Another purpose of this work is to analyze 
guiding conditions of rib-ARROW'S as a function of the 

rib parameters, specially waveguide width and etching depth. 

Rib-ARROW structures have not been extensively studied 

theoretically, in particular in reference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[7], rib-ARROW'S with 

low rib heights (less than 0.8 pm) were modeled using a 

commercially available finite element based software. This 

work points out some specific phenomena, such as the increase 
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BPM computed total losses versus waveguide width for several Fig. 5. 
etchmg depths at a propagation length of 5 mm and 0 633 pm wavelength. 

of the attenuation when the rib width is reduced, that 

in this kind of waveguides due to a deficiency of the gu 

conditions. Rib-ARROW'S can leak power in both trans 

and lateral directions, and this fact makes that the usual w 
transform the real structure in a two dimensional problem by 

means of the effective index method may not be valid for de- 

scribing radiation losses of these structures. Therefore, for our 

calculations, a scalar 3D-BPM has been used. In the same way, 

the scalar approach may seem not suitable for analyzing the 

complete wavelength range behavior of the ARROW structure 

because of the polarization sensitivity. Notwithstanding, since 

rib-ARROW'S can be made nearly polarization independent 

for the design wavelength, an scalar approach can provide 

accurate predictions about guiding characteristics of the rib 

around this spectral region. 
The computational window was uniformly discretized 

a 192 x 192 gnd with spacing Arc = 0.24pm and 

0.075pm and a longitudinal integration step Az = 0 

Suitable absorbers were placed at window limits in 

to ensure that power leakage do not affect the calculation 

process. Several rib structures with different rib widths 

heights have been modeled exciting the input of the waveg 
with a Gaussian field of 4 pm mode field diameter [8]. 

The parameters of the waveguides correspond to the values 

fabricated and measured experimentally and the input field 

represents the excitation through a 3.5 pm diameter single 
mode optical fiber for 633 nm wavelength. Computed results 

appears as rib width decreases, and this increase is sharper 

for deeper rib-ARROW'S. It also can be seen from Fig. 5 
that waveguides with rib 
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10 1 b, 

Fig. 6. 
propagation length of 5 mm, (a) 10 fim wide and (b) 12 pm wide. 

Calculated field distributions for 2.5 pm deep rib-ARROW'S at a 

and insertion losses of about 1.6 dB. However, the increase 

of total losses of the structure for narrow widths is essentially 

due to insertion losses, although bigger waveguide attenuation 

also appears. 

In the same way, calculations of field distributions were also 
performed on these structures, and they show that all of them 

always exhibit single mode field distributions in the transverse 

direction, while in the lateral direction single mode operation 

can only be found for waveguides narrower than 10 pm, that 

coincides with the waveguide width in which the increase of 

attenuation starts. This modal behavior can be observed in 

Fig. 6(a) and (b) where calculated field distributions for 10 

and 12 pm wide, 2.5 pm deep waveguides are represented at 

a propagation length of 5 mm. The double lobe distribution 

for the 12 pm wide waveguide is clearly observed. 

111. EXPERIMENTAL RESULTS 

Rib-ARROW' s samples were fabricated using a CMOS 

compatible process [6]. The general structure of the samples 

is a 2 pm Si02 substrate cladding layer of refractive index 

1.46, a 0.3 pm Si3N4 layer of refractive index 2.0, and a 4 
pm Si02 core with refractive index ranging from 1.46-1.48. 
Several samples were made with different rib widths (18 

samples with w ranging from 40-1 pm), with four different 
etching depths for every width (h  = 0.8, 1.5, 2.5, and 3.5 

pm) and standard lengths of 1, 2, 3, and 4 cm. The substrate 
cladding Si02 layer was made by thermal oxidation of the 
silicon substrate, obtaining a refractive index of about 1.46. 

1.5 wl ..... 
---&-- 2.5pm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 10 15 20 25 :30 35 40 
rib width (microns) 

Fig 7 
depths In 2 cm long waveguides at 0.633 pm wavelength 

Expenmental total losses versus waveguide width for several etching 

Silicon nitride and silicon dioxide core layers were deposited 

using LPCVD at 800 OC and PECVD at 300 "C respectively, 

which are CMOS compatible deposition processes. In PECVD 

processes, the refractive index of the layers can t e  fitted 

by varying deposition conditions. Refractive index of silicon 

oxides deposited by PECVD can be tailored according with the 

waveguide design requirements, depending on the amount of 

silicon incorporated into the film. Waveguides were fabricated 

with core refractive indexes of 1.46, 1.464, and 1.48. Rib walls 

were performed by dry reactive ion etching (RIE), where CHF3 

was used as the etching gas precursor since it achieves higher 

selectivities between the photoresist mask and Si02 etching 

rates. 

For experimental measurements, light was coupled to the 

waveguide using a 633 nm single mode optiical fiber I 3.5 pm 

diameter) placed in front of the rib face (end-lire coup11 ng) and 

was collected by a 50/125 multimode standard optical fiber. 

A randomly polarized He-Ne laser was used for attcnuation 

measurements at a fixed wavelength, while an halogen lamp, 

monochromator and synchronous detection were used for 

attenuation measurements versus wavelength and polarization. 

The input fiber was aligned to the waveguide by means of 

piezoelectric positioners in order to achieve low insertion 

losses. 

The first experimental study was made to analyze the guid- 

ing conditions of the rib-ARROW structure. So, attenuation 
measurements as a function of the rib parameters (width and 

depth of the rib) were performed for the different samples 

at 633 nm wavelength. Obtained results, including insertion 

losses for two centimeter long waveguides, as a junction 

of the rib width are represented in Fig. 7 for different rib 

depths. From the figure it can be inferred some features of 

the behavior predicted in the BPM theoretical modeling. So, 
a very sharp increase of total losses happens for waveguide 
widths lower than 10 pm, and higher attenuation values 

are found in low deep rib-ARROW'S (0.8 pm). Losses are 
due to an attenuation of about 0.35 dB/cm and insertion 
losses of 2 dB for wide ribs with etching depths higher 
than 1.5 pm. Bigger losses are found for 0.8 pm etching 
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depth waveguides, due to a waveguide attenuation of 0.7 
dB/cm and insertion losses of 3 dB. The reason for this 

higher attenuation values, theoretically predicted, is that for 

small rib etching depths some power coupling appears be- 

tween the waveguide and lateral slab modes due to their 

near effective propagation indexes, and some light power 

is propagated through the lateral slab waveguide. On the 

contrary, the very sharp increase of attenuation for narrow 

waveguides, that appears in several rib structures [9], can 

not be completely explained by usual theories. In fact, the 

scalar BPM only accounts for a small amount of waveguide 

losses: 4 dB are predicted, essentially due to insertion losses, 

against more than 15 dB experimentally measured. Further- 

more, the increase of attenuation is almost independent on 

the wavelength as it is shown in Fig. 8, where attenuation 

values are compared for 633 and 1300 nm wavelengths. 

This fact makes that these experimental waveguide losses 

can be hardly attributed to scattering with a dependence on 

the wavelength as the one predicted in [lo]. Note that in 
this figure the higher insertion losses for the long wave- 

length are due to the use of an excitation fiber of 9 pm 

core diameter. In consequence, the sharp attenuation increase 

should be produced by some guiding deficiency that takes 

place when the rib antiresonant structure achieves single mode 

operation. 

Modal behavior of the rib-ARROW’S has been investigated 
by field distribution measurements at the end of the waveguide. 

These measurements have been carried out using a low coher- 

ence length 670 nm laser diode light source, a single mode 
fiber at this wavelength for light insertion and a silicon CCD 

camera. Fig. 9(a) and (b) present field distributions at the end 
of a 3.5 pm etching depth waveguide for 9 pm and 14 pm 

wide ribs, respectively, and 1.464 core refractive index. All the 

measured waveguides, with different core refractive indexes, 

seem to support only one ARROW mode in the direction 

transversal to the antiresonant layers, as it is clear from the 

figures, although core refractive index is higher than that of 

the substrate cladding, and, according to [11], it should be 

expected that, theoretically, this strucpre could support several 

Fig. 9. 
p m  deep waveguides, (a) 9 p m  and (b) 14 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApm wide 

Experimental field distnbution for 1.464 core refractive index, 3 5 

, 

transversal guided modes. ’On the contrary, lateral single mode 

behavior is only found for narrow waveguides (610 pm) as 

is shown in the figure where for a 14 pm wide rib-ARROW, 

a side lobe excitation of a double mode distribution appears. 

Therefore, single mode operation in both transversal and lateral 

direction is achieved for these rib-ARROW’S, being confirmed 

since the shape of the field distribution does not change when 

varying insertion conditions. , 

Power leakage properties were analyzed for waveguides in 

which good guiding conditions are reached, that is to say, 

wider than 10 pm and deeper than 0.8 pm. So, attenuation as 

a function of the wavelength and polarization was measureid 

for several core-cladding refractive index differences. For 

polarization measurements a linear polarizer was introduced 

between monochromator and input fiber, that had a small’ 
length (about 20 cm) and was placed in straight line to preserve 

the input polarization state launched into the waveguide. 

Fig. 10 shows an example of the performed measurements, 

in particular, it shows the obtained attenuation for a 2 cm 

long, 2.5 pm depth, 20 pm wide ARROW of 1.464 refractive 

index core as a function of the wavelength for both TE and 

TM polarizations. The shapes of the antiresonant waveguide 

attenuation curves are similar to that predicted for slab waveg- 

uides, presenting the same main features, such as wavelength 

position of the attenuation peaks or the TE-TM difference. 

Also, there is a good agreement between theoretical predictions 

and experimental results about the polarization sensitivity 
as a function of the core-substrate cladding refractive index 

difference. This is clearly shown in Fig. 11(a) and (b), where 

can be appreciated the polarization sensitivity for waveguides 

with different core refractive indexes, although absolute values 

for TE and TM attenuation difference are under estimated 

with respect to the theoretical predictions. The difference in 

the absolute attenuation values may be explained by several) 
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Fig. 10. 
b m  wide waveguide for TE and TM polarizations. 

Total losses versus wavelength of a 2 cm long, 2.5 p m  deep, 20 

reasons: on the one hand, variations of the design values 
of refractive index and thickness of the layers along the 
length of the guide will average losses at different peak 
wavelengths, enlarging the width of the peak and reducing 

the top attenuation value. On the other hand, the hybrid nature 

of the rib-ARROW modes can introduce additional losses in 
the TE modes because of the coupling between polarizations at 

the walls of the waveguide. In any case, the lower polarization 
sensitivity for different refractive index of core and substrate 

cladding is clearly demonstrated. 

Finally, power leakage as a function of the wavelength and 
polarization was measured for several core-cladding refractive 
index differences. The results obtained for 2 cm long, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.5 pm 
deep, 20 pm wide waveguides with core refractive indexes 

of 1.460, 1.464, and 1.480 are represented in Fig. 12. These 

curves show the behavior expected from the analysis carried 

out over slab ARROW structures. As the core refractive index 

becomes higher the maximum value in the attenuation peak 
decreases, the position of the peak tends to shorter wavelengths 
and the peak shift with the polarization is higher. The results 

presented in this figure also demonstrate that the presence of 
the quarter wave high index layer, i.e., an ARROW structure, 
implies a shielding effect that cause a great reduction of the 
radiation produced by a field that reaches the high index silicon 

substrate. This shielding effect gives rise to low attenuation 

values for relatively thin substrate claddings at wavelengths 

around the transversal quarter wave condition. 
The presented power leakage measurements as a function 

of wavelength and polarization of the light correspond to the 
particular case of a 2.5 pm deep, 20 pm wide waveguide. 
However, a similar behavior of the power leakage was found 
in any other waveguide with different rib parameters, and 
only a slightly higher attenuation and polarization sensitivity 
appeared for narrower waveguides, due to the deeper field 
distribution caused by the small guiding capacity of the 

structure. 

IV. DISCUSSION 

In this work, the leakage properties and guiding conditions 

of rib- ARROW structures have been theoretically and experi- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 11. Experimental total losses for TE and TM polarizations sound the 
low loss wavelength region for a 2 cm long, 2.5pnn deep, 20 p m  wide 
waveguides with core refractive indexes of (a) 1.460 and @) 1.464. 

mentally studied as a function of wavelength and polarization 

of the light for different geometrical and optical parameters 

that characterize the rib-ARROW structure. 
Power leakage properties of the rib-ARROW are essentially 

determined by the planar ARROW structure. Consc:quently, 
the analysis of the slab ARROW describes the main features of 
radiation power leakage into the high refractive index silicon 

substrate. The theoretical analysis of these slab waveguides, 

and the experimental results show that nearly polarization 
independent rib-ARROW'S with low losses around the de- 

sign wavelength can be fabricated when tlhe core refractive 

index slightly exceeds the substrate cladding refractiire index. 

Besides this low loss wavelength region, a radial ion loss 
peak into the substrate appears the characteristics of which 

are essentially determined by the refractive index difference 
between core and substrate cladding. A higher difference 
implies relatively lower radiation losses at the at] enuation 
peak and a higher wavelength position shift for tlie peaks 
corresponding to TE and TM polarizations. In any case, 
the ARROW structure means a shielding effect thxt allows 
waveguides with small radiation losses around the wavelength 
holding the transversal quarter wave condition, for -elatively 

thin substrate cladding layers. 

On the contrary, guiding conditions of the rib-ARROW'S are 
determined by the rib structure. Then, waveguide attenuation 

and insertion losses have been analyzed as a function of the 
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Fig 12 Attenuation curves for a 2 cm long, 2 5  p m  deep, 20 p m  wide 
waveguides with 1 460, 1 464, and 1 480 core refractive indexes, considenng 
a substrate cladding layer with 1460 refractive index (a) TM polanzation 
and (b) TE polanzation 

waveguide width and etching depth of the rib. Experimental 
results show that rib-ARROW’S with waveguide attenuation 
and insertion losses lower than 0.3 dB/cm and 2 dB, respec- 
tively, can be fabricated. These waveguides require waveguide 

widths higher than 10 pm and etching depths bigger than 1.5 
pm. For etching depths of about 0.8 pm, higher waveguide 

attenuation appears, due to some power coupling with lateral 
slab modes. Besides, a very sharp increase of the attenua- 
tion, almost wavelength independent, takes place for narrow 
waveguides, being sharper for deeper ribs. This attenuation 

increase may be caused by some guiding deficiency that 
happens when the rib-ARROW reaches single mode operation 

in both transversal and lateral directions. This modal behavior 
has been corroborated by field distribution measurements, in 

which transversal single mode field distributions are always 

found, while lateral single mode operation rakes only place 
for waveguides narrower than 10 pm. 

A scalar 3-D BPM has been used for theoretical modeling 
of these rib-ARROW structures. This method provides suitable 
predictions when the waveguide guiding is well established, 
that is to say, for nearly polarization independent waveguides 
wider than 10 pm. Obviously, any scalar approach does 
not account for polarization sensitivity, and the used method 
largely under estimates the sharp increase of attenuation that 

appears for narrow waveguides. In that sense, more effort 

oriented to vectorial BPM computation should be demanded, 
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or, on the contrary, probably, other modeling approaches with 
different theoretical basis may be required. 
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