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The Importance of Single-Mode Behavior in

Silicon-On-Insulator Rib Waveguides With

Very Large Cross Section for Resonant

Sensing Applications
Antoine Leblanc-Hotte, Jean-Sébastien Delisle, Sylvie Lesage, and Yves-Alain Peter

Abstract—Control of light properties through propagation in
large cross section optical rib waveguides is of utmost importance
to obtain the desired behavior, especially with resonant cavities.
We have simulated, fabricated, and experimentally tested optical
rib waveguides to evaluate the advantages of single-mode proper-
ties against multimode. Modal analysis of very large cross section
rib waveguides showed that only particular dimensions allow a
single-mode behavior. Furthermore, on-chip Fabry–Perot cavities
were coupled to rib waveguides to assess impacts for a typical res-
onator. Experimental results are in good agreement with simulation
guidelines, effectively highlighting the importance of single-mode
behavior for resonant sensing applications.

Index Terms—Microphotonics, rib waveguide, sensing, single-
mode.

I. INTRODUCTION

M
ICROPHOTONICS technologies find numerous appli-

cations in the biomedical and chemical fields. A grow-

ing number of devices using on-chip integrated microphotonic

structures are being designed as tools to facilitate the work of

specialists in biology and medicine. These structures can use

evanescent waves of an optical waveguide as a sensor [1], ar-

rayed waveguide grating for multiplexed sensing [2] or even

take advantage of optical resonant cavities for enhanced photon

life time [3]. Integrated sensors combining microfluidics and

microphotonics commonly use waveguides to bring light from

optical fibers to the on-chip sensing structure. Control over light

properties through waveguide propagation is of utmost impor-

tance to obtain the desired behavior, especially with resonant
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cavities. As an example, previous work reported a microfabri-

cated optical waveguide coupled to a Fabry–Perot resonant cav-

ity for single cell sensing with abnormally high losses [4]. This

device employed a resonant spectroscopic measurement which

exploits small differences in cells refractive index. This mea-

surement can improve the discriminative resolution of medical

devices used for diagnosis, such as flow cytometers, for more

reliable cellular identification. It could also permit the identifi-

cation of new cellular parameters or even novel cell types.

Large particle analysis, as in [4] with cells of approximately

10–12 µm in diameter, requires waveguides of at least a few

micrometers in height. However, on-chip rib waveguides made

out of silicon exhibit large refractive index difference with its

cladding (air). Consequently, waveguides with large dimensions

and high core-cladding refractive index difference theoretically

support multiple optical modes. In this paper, we suggest that

single-mode rib waveguides yield optical properties better

suited for resonating sensors spectroscopy. Indeed, propagation

of two or more modes in a waveguide with close modal

refractive index generates a beating effect. Thus, modal power

distribution at a fixed length is different for each wavelength,

which renders a non-uniform spectrum and hides resonance

peaks in its background. Moreover, since the optical path in

a coupled cavity changes with the presence of a particle, the

whole beating pattern also changes making very hard deducing

the resonator response. Finally, the intensity measurement

based on peak shifting reported in [4] is better suited for a

smooth slope of the resonance. Even if multimode resonances

occur at the same wavelength for a Fabry–Perot, the total peak

profile is composed of multiple resonances each possessing a

different height, Full Width at Half Maximum (FWHM) and

slope. This yields a final peak shape and resonance sensitivity

not suitable for practical measurements.

It has been shown previously first by Soref [5] and

then by Pogossian [6] that rib waveguides on Silicon-On-

Insulator (SOI) with a cross-section of a couple micrometers

(around 4 µm × 4 µm) can be effectively defined as single-

mode. In these particular cases, interpretation of the single-mode

behavior for an optical rib waveguide must be carefully defined.

In theory, these waveguides support more than one mode, mak-

ing them multimode by definition. However, after one or two

millimeters of propagation only the fundamental mode remains

because losses for higher order modes are superior. This phe-

nomenon makes these studied optical rib waveguides practically

1077-260X © 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.
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Fig. 1. Rib waveguide on SOI cross-section dimensions and variables used
for modal analysis.

single-mode for experimentations. Then, Lousteau [7] showed

that for slightly higher rib waveguides (around 7.5 µm) single-

mode behavior is not as simple as following the established

design rules by Soref and Pogossian. Therefore, precaution

must be taken when working with large cross-section optical

rib waveguides. We have tested this theory and evaluated the

advantages of single-mode properties against multimode for

resonators. We have simulated, fabricated and experimentally

tested isolated rib waveguides as well as coupled to a typical

resonating cavity: an integrated in-plane Fabry–Perot. This pa-

per reports simulation, fabrication and optical characterization

of very large cross-section optical rib waveguides on SOI for

resonant sensing applications.

II. RIB WAVEGUIDE MODAL ANALYSIS

This section describes the technique used for modal analy-

sis of the rib waveguides and reports the results obtained for

different dimensions. The cross-section dimensions of the rib

waveguide are defined in Fig. 1 where W is the width of the rib,

H is the total height of the rib and h is the height of the surround-

ing slab. Refractive indices for air, silicon, and silicon dioxide

(SiO2) are represented by the common variable n and their re-

spective subscript. In this design, air is the top cladding, silicon

dioxide is the bottom cladding and silicon is the core of the rib

waveguide. Equations (1) and (2) are the proposed formulas for

design purposes established by Soref [5] and later corrected by

Pogossian [6]. These equations need to be jointly satisfied in

order to have a single-mode behavior of the rib waveguide

h

H
≥ 0.5 (1)

W

H
≤ α +

h/H
√

1 − (h/H)2
(2)

where α = 0.3 for Soref’s formulation and α = 0 with Pogos-

sian’s correction. The variables h/H and W/H are introduced

for uniformity with other published work [5]–[7].

Performed simulations are based on the technique used by

Lousteau [7]. We used a standard Finite Difference method to

design the waveguide geometry and a direct matrix mode solver

with Perfectly Matched Layers as boundary conditions. This

method outputs the complex refractive index of the supported

modes and the imaginary part was used to calculate the modes re-

spective attenuation coefficient. We follow Lousteau’s notation

for rib waveguide modes: HEnm and EHnm . Where HE modes

are horizontally polarized (quasi-transverse-electric (TE)) and

EH modes are vertically polarized (quasi-transverse-magnetic

(TM)). For compactness, we only discuss horizontally polarized

modes, HE, without loss of generality. Modes with pure verti-

cal symmetry are represented with m = 0 whereas modes with

n = 0 have pure horizontal symmetry. Also, we have voluntar-

ily disregarded horizontally symmetric modes, HE0m , assuming

that they couple into the slab and do not propagate [7]. Further-

more, modes with an odd integer n were disregarded considering

simulation results. These modes never reach an attenuation co-

efficient low enough to add meaningful information to the final

attenuation map. Finally, we have stopped our investigation to

the HE40 mode since higher order modes are considerably af-

fected by the surface roughness in the propagation direction

and do not have enough power coupled into them. This study

evaluates single-mode advantages for resonant sensing appli-

cation over multimode and is not intended to be an exhaustive

modal analysis of optical rib waveguides. Therefore modes or-

der higher than HE40 would not be meaningful in this case.

In this work, the value of H was fixed to 15 µm considering a

biomedical sensing application and typical cells diameter. Val-

ues of h/H ranged from 0.5 to 1 whereas values of W/H ranged

from 0.25 to 1.33. Operating wavelengths were chosen to be

λ1 = 1.50 µm, λ2 = 1.575 µm, and λ3 = 1.65 µm covering

a large part of the near infrared (NIR) transparent region for

silicon. The losses recorded for HE20 and HE40 modes were

then computed and reported in an attenuation coefficient map.

Fig. 2 reports the lowest attenuation coefficients recorded, out

of the three simulated wavelengths, in function of the h/H and

W/H ratios for a) the HE20 mode, b) the HE40 mode, and c)

both modes combined. Dark regions in these maps represent

high attenuation of the corresponding optical modes over the

three wavelengths. Thus, for combined HE20 and HE40 modes,

black regions highlight geometries for which the fundamental

mode should be dominant (Fig. 2(c)). As references, Soref’s

and Pogossian’s boundary condition are also plotted onto these

graphics, single-mode behavior is expected below the boundary

condition.

Accordingly with Lousteau’s conclusion, simulation results

of Fig. 2(c) tends to advise that “satisfying the design formulas

(1) and (2) is not in itself sufficient to ensure effective single-

mode operation” [7]. To further test this theory, we fabricated

on-chip stand-alone rib waveguides to assess the predicted be-

haviors. Additionally, rib waveguides coupled to an integrated

in-plane Fabry–Perot cavity were simultaneously fabricated to

evaluate the effect in a resonant cavity. Since all structures are

microfabricated in a single process, the slab height h is the same

for all rib waveguides, thus only the width W was varied. Cho-

sen geometries are represented by black (or white for better con-

trast) dots in Fig. 2(c). These four geometries are correlated to:

one multimode rib waveguide according to Pogossian’s formula

and to our simulation (top dot with W ≥ H), one multimode

rib waveguide according to our simulation but single-mode in

Pogossian’s theory (second dot from top with W = H), and two

rib waveguides less multimode, i.e. with potential single-mode

like behavior, according to our simulations and single-mode ac-

cording to Pogossian (third from top with W = H/2 and bottom

dot with W = H/3).
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Fig. 2. Lowest attenuation coefficient recorded for (a) HE20 mode, (b) HE40 mode, and (c) combined HE20 and HE40 at all simulated operating wavelengths
in function of ratios h/H and W/H. Plain line corresponds to Soref’s single-mode boundary whereas the dashed line is associated to Pogossian’s correction.

III. MICROFABRICATION

A SOI wafer with a 600 µm handle, 0.5 µm oxide layer,

and 15 µm silicon top layer was employed. Final devices are

achieved in a two-phase production which both includes stan-

dard photolithography and Deep Reactive Ion Etching (DRIE).

In the first microfabrication phase, Fabry–Perot cavities are pho-

tolithographically defined and etched down to the buried oxide

layer using a DRIE-BOSCH process with alternating SF6 and

C4F8 plasmas. These Fabry–Perot cavities are composed of

two Distributed Bragg Reflectors (DBRs) facing one another

and separated by a microfluidic channel acting as the cavity

gap. Design and microfabrication of the DBRs was based on
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Fig. 3. SEM images of a microfabricated device showing (a) rib waveguide
facet geometry and (b) structure of a rib waveguide coupled to a Fabry-Perot
cavity composed of two DBRs.

previously published work [8]. In the second phase, rib waveg-

uides are photolithographically defined and etched with the same

DRIE-BOSCH process but at a lower depth to achieve the rib

geometry. The SOI wafer is subsequently cut into separate chips

using a dicing saw (ADT, Provectus 7100) and an engineered

resin/diamond blade yielding diced facets of optical quality.

Roughness measurement on these facets reported a mean value

of 5.5 nm which provides low scattering losses for coupling.

Then, the separated devices are cleaned in a piranha solution

(H2SO4 + H2O2) followed by a final decontamination in oxy-

gen plasma. Fig. 3 shows scanning electron microscopy (SEM)

images of a microfabricated rib waveguide facet geometry and

a Fabry–Perot cavity structure. Measurements reported a value

of h = 11.7 µm for all waveguides, widths of 5, 7.5, 15, and

20 µm (all within ±250 nm) and waveguides length of 7.5 mm.

IV. EXPERIMENTAL SETUP

In this study, two different experimental setups were used:

one to analyze the output NIR mode profile of the rib wave-

guide and another to analyze the spectral response from the

photonic structure. In both cases, stand-alone and Fabry–Perot

cavity coupled rib waveguides were experimentally tested. The

NIR mode profile analysis setup uses a wide band laser source

(Newport, BBS-430) with a standard SMF-28 fiber output butt

coupled into the rib waveguide inlet facet. At the output facet, a

mirror is set at angle of 45 ◦ from the horizontal axis to reflect

NIR light to an InGaAs camera (VDS Vosskhler GmbH, NIR-

610PGE) through an objective lens. Camera exposure time was

set to allow small features of the mode profile to be spatially

defined. The spectral analysis setup uses the same wide band

laser source jointly with standard SMF-28 optical fibers butt

coupled in and out of the rib waveguide. This setup difference

resides in the fact that an optical spectrum analyzer (Hewlett

Packard, 86142A) collects the NIR light and records the dif-

ferential spectrum (raw spectrum normalized with the reference

signal) on a log scale in dB units.

V. RESULTS AND DISCUSSION

NIR mode profile analyses as well as spectral analyses for

the four fabricated stand-alone rib waveguides geometries are

reported in the first section. In addition, both analyses are pre-

sented for these selected rib waveguides coupled to a Fabry–

Perot cavity in the second section. The last section reports

Fabry–Perot resonance properties for single-mode like rib wave-

guide.

A. Stand-Alone Rib Waveguide

1) NIR Mode Profile: Fig. 4 shows the different output NIR

mode profiles, after a propagation of 7.5 mm, in their respective

stand-alone rib waveguide geometry. Features of the output NIR

mode profile images of Figs. 4(a), (b), (c), and (d) show that rib

waveguides widths of 20, 15, 7.5, and 5 µm respectively, present

a higher order optical mode at the end facet. In all cases, the

captured mode profile is similar to the one of a HE40 mode.

It is important to point out that exposure time of the infrared

camera was lowered until small features of higher order optical

modes could be seen even if multiple modes are simultaneously

present, including the fundamental one.

2) Spectral Analysis: Fig. 5 shows the output spectra of the

different stand-alone rib waveguide widths. These spectra show

arbitrary variation of intensity in function of wavelength. The

amplitude of these variations for Figs. 5(a) and (b) is estimated

to be around 13 dB whereas for Figs. 5(c) and (d) it is estimated

to 3.5 dB.

For multimode rib waveguides, a beating effect between

propagating modes is expected. Since the characteristic beat-

ing length is dependent on the propagating wavelength, a fixed

length waveguide will output more or less power in the funda-

mental mode. Because the output light is butt coupled into a

single-mode optical fiber, most collected light power will come

from the fundamental mode. Thus, recorded intensity in func-

tion of wavelength for highly multimode rib waveguides are

expected to show more variation than practical single-mode

waveguides. In the cases of rib waveguides width of 7.5 and

5 µm, spectral measurements exhibits less variation, associated

to single-mode like behavior, whereas NIR mode profile images
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Fig. 4. NIR images of the output mode for stand-alone optical rib waveguides
showing presence of higher order mode profile for widths of (a) 20 µm, (b)
15 µm, (c) 7.5 µm, and (d) 5 µm, respectively.

show a higher order profile. These geometries correspond to

greater losses than other fabricated waveguides for both simu-

lated HE20 and HE40 modes as shown in Fig. 2(c). Thus, even if

higher order mode features can be seen in the NIR mode profile

image, most of the power remains in the fundamental mode for

all recorded wavelengths. Based on results from Figs. 4 and 5

rib waveguides with widths of 20 and 15 µm are practically

multimode whereas rib waveguides of widths 7.5 and 5 µm can

be considered as practically single-mode.

B. Rib Waveguide Coupled to a Fabry–Perot Cavity

1) NIR Mode Profile: Fig. 6 shows the NIR output mode

profiles for Fabry–Perot cavity coupled rib waveguides with

different geometries. Features of the mode profile images for

Fig. 5. Output spectra for stand-alone optical rib waveguides showing in-
tensity variation for widths of (a) 20 µm, and (b) 15 µm, whereas widths of
(c) 7.5 µm and (d) 5 µm exhibits lower fluctuations.

Figs. 6(a), (b), and (c) show that rib waveguides widths of 20,

15, and 7.5 µm, respectively, present higher order optical modes

profile at the end facet. On the other hand, Fig. 6(d) for a rib

waveguide width of 5 µm exhibits features similar to a single-

mode like profile. The cavity coupled rib waveguide output

mode profiles are different from each other unlike stand-alone
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Fig. 6. NIR images of the output mode for cavity coupled rib waveguides
showing higher mode profile for widths of (a) 20 µm, (b) 15 µm, and (c) 7.5 µm
and single-mode profile for width of (d) 5 µm.

rib waveguide ones in Fig. 4. Indeed, the Fabry–Perot’s

DBRs roughness, inherited from the DRIE-BOSCH process’s

scalloping, mainly lowers higher order optical modes relative

intensities and contrasts. Consequently, the infrared camera

renders a more noticeable superimposition of optical modes.

2) Spectral Analysis: Fig. 7 presents the output spectra for

Fabry–Perot cavity coupled rib waveguides with different ge-

ometries. For rib waveguide widths of 20, 15, and 7.5 µm the

spectra do not exhibit easily identifiable resonance peak. The

intensity in function of wavelength seems erratic and presents

no useful information as a resonant sensor device. On the other

hand, the spectrum on Fig. 7(d) for a width of 5 µm exhibits an

isolated resonance peak, identified by an arrow.

These results for resonant cavity coupled rib waveguides

support the initial hypothesis that only single-mode behavior

Fig. 7. Output spectra for Fabry-Perot cavity coupled rib waveguides showing
intensity profile for widths of (a) 20 µm, (b) 15 µm, and (c) 7.5 µm and exhibiting
an isolated resonance peak for a width of (d) 5 µm.

enables identifiable resonance peaks and provide useful

information. Indeed, on-chip integrated silicon multimode

rib waveguides tend to generate beating between supported

propagating modes and render a complex spectrum without

even being conjugated to a resonant cavity. When coupled, the

cavity’s resonance peaks are “lost” in the intensity variations

background, thus not identifiable, and no sensing features can be

extracted a priori. Therefore, achieving single-mode like behav-

ior in integrated rib waveguides, with very large cross-section,

coupled to a resonant cavity is crucial. To our knowledge, this

paper reports the first study to experimentally achieve it.
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Fig. 8. Spectral comparison between simulated, dashed line, and experimen-
tal, plain line, single-mode Fabry–Perot cavity for a rib waveguide width of
5 µm.

C. Fabry–Perot Resonance Properties

In this section, information on the Fabry–Perot resonance

peak for single-mode cavity coupled rib waveguide with a width

of 5 µm is reported. First, a simulation based on optical matrices

with an incident Gaussian beam was performed. The incident

Gaussian beam is decomposed into multiple plane waves and

then propagated through the simulated Fabry–Perot cavity made

of silicon-air layered DBRs (see Fig. (3b)). Fig. 8 shows the

comparison between simulated and experimental results on the

same graphic. The simulated result, dashed line, is in good agree-

ment with the measured spectrum, plain line, for this 35 µm long

cavity gap. Properties of these resonance peaks were calculated

from the experimental and simulated spectra and are reported in

Table I, where FWHM is the Full Width at Half Maximum, FSR

is the Free Spectral Range and the finesse is FSR/FWHM. Dif-

ferences between experimental and simulated spectra properties

are mainly due to the simulated roughness of the interfaces. The

simulated roughness, approximated as an absorption layer, af-

fects the sharpness of resonance peaks. It lowers the intensity

at the resonant wavelength, increases the FWHM value and

thus yields a smaller finesse. Furthermore, simulations do not

accommodate for light re-entering the cavity from reflections

elsewhere on the device and neither for multimode resonance

nor multimode coupling behavior.

As mentioned previously, a rib waveguide coupled to a

Fabry–Perot cavity can be used in a resonant spectroscopic

measurement. This technique enables detection of small vari-

ations of refractive index. Although, before handling biological

cells measurement, characterization of the sensor response

with homogeneous liquids must be performed. The calculated

sensitivity, in units of nm per Refractive Index Unit (RIU),

was derived from the peak displacement for different certified

refractive index oils. Fig. 9 shows the graphical linear fit with the

measurement points used to obtain this value of 1392 nm/RIU.

Measurements on the resonance wavelength position had a stan-

dard variation of σ = 0.005 nm corresponding to a detection

limit of 3σ = 0.015 nm. Considering this detection limit and

the sensitivity, this sensor has a resolution of ∆n = 1.1 × 10−5 .

This high resolution over the refractive index could represent a

discriminant parameter when measuring biological cells.

Fig. 9. Measurement points for single-mode cavity coupled rib waveguide
resonance peak displacement with certified refractive index oils superposed
with a linear fit.

TABLE I
FABRY–PEROT RESONANCE PROPERTIES CALCULATED FROM THE

EXPERIMENTAL SPECTRA FOR A RIB WAVEGUIDE WIDTH OF 5 µm

Experimental Simulated

Loss at maximum (dB) −28.7 −31.3

FWHM (nm) 3.56 4.41

FSR (nm) 30.6 29.3

Finesse 8.6 6.6

Sensitivity (nm/RIU) 1392 N/A

Resolution (RIU) 1.1 × 10−5 N/A

VI. CONCLUSION

In summary, we have presented results for optical rib waveg-

uides with very large cross-sections supporting the hypoth-

esis that single-mode behavior is better suited for resonant

spectroscopy measurement, especially for sensing application.

Achieving single-mode propagation in these waveguides may

not be as easy as following the previously established design

rules. Therefore, caution must be taken when dealing with very

large cross-section optical rib waveguides. Indeed, mutimode rib

waveguides tend to hide the resonance peak when coupled to a

resonator. Conditions for a single-mode optical rib waveguide

were found by modal simulation and experimentally tested for

a stand-alone rib waveguide as well as for an on-chip in-plane

Fabry–Perot resonant cavity coupled structure. Resonance prop-

erties for single-mode behavior were evaluated and employed

in a simple refractive index sensor device with homogeneous

liquids.
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She previously received the Canadian Institutes of Health Research New In-
vestigator Award in 2010, and the Fonds de recherche du Québec–Santé Junior
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