
JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 34, NO. 23, DECEMBER 01, 2016 5385

Wavelength Dependence of a Vertically Coupled
Resonator-Waveguide System

Fabio Turri, Fernando Ramiro-Manzano, Iacopo Carusotto, Mher Ghulinyan, Georg Pucker,
and Lorenzo Pavesi, Senior Member, IEEE

Abstract—Coupling of light to and from a microdisk resonator
is a crucial step for the integration of this photonic structure in
a photonic integrated circuit. However, the most common lateral
coupling scheme, based on a point contact with a coplanar bus
waveguide, suffers from strong wavelength dependence. This is a
limiting factor for exciting ef�ciently the resonant modes in a broad
spectral region. In the present paper, we propose a solution based
on a different con�guration, known as vertical coupling con�gu-
ration, where a bus waveguide is buried below the micro disk. We
demonstrate theoretically and experimentally that the long interac-
tion region provided by this geometry allows to extend the optimal
coupling spectral range fromIR to visible. This feature constitutes
a remarkable advantage over the usual laterally coupled devices
for many different applications, such as frequency conversion, al-
lowing bandwidth limitations to be signi�cantly diminished.

Index Terms—All-optical devices, integrated optics devices,
microcavity devices, resonators.

I. INTRODUCTION

W HISPERING Gallery Mode resonators (WGMr) are be-
coming fundamental building blocks for the manipula-

tion of optical signals in integrated photonic devices [1]. The
enhanced optical power circulating into the cavity, described
by the Quality-factor (Q), produces several interesting effects
such as lasing [2] and enhances drastically other phenomena
such as optomechanical interaction and nonlinear processes [3],
[4]. For probing experimentally a resonator, a coupling tech-
nique based on the interaction of the evanescent field of a signal
propagating in a tapered optical fiber and of the WGM of the
resonator is commonly adopted [5], [6]. However, for a practi-
cal application of a WGMr in a photonic chip, the integration of
both the cavity and the interrogating element is crucial [7]. As
a result, a bus waveguide fabricated within the same layer and
with the same lithographic process of the WGMr is the com-
mon solution [8]. This lateral coupling geometry is based on
the overlap between the modes of the two structures (resonator
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Fig. 1. (a) schematic representation of the microdisk-bus waveguide system
with the coupling region highlighted by red circles; (b) effective distance be-
tween the two coupling elements in a vertically coupled system (left) compared
to the distance between waveguides in a directional coupler (right).

and waveguide) and it is critically dependent on the gap distance
between them [9], [10]. Moreover, these side coupled integrated
devices intrinsically suffer from bandwidth limitations because
of the monotonic dependence of the modes overlap with re-
spect to wavelength. Several efforts have been made to create
an integrated structure with a wavelength-independent behav-
ior. In particular, T. Carmon et al. [11] proposed to bend the
bus element. Coupling was achieved at extreme wavelengths of
682 and 1540 nm, albeit with a difference of about 50% in the
transmission.

To widen the working wavelength range we propose an alter-
native route based on a vertically coupled scheme [12]. In such
a device, the interaction between the two elements should not be
considered to take place in a single point anymore. Indeed, the
placement of the bus waveguide under the resonator enlarges the
area of interaction as depicted in Fig. 1(a). In particular, it comes
out from geometrical considerations that the distance between
the guided modes of the two elements is kept almost constant
over a wide area (see Fig. 1(b)), called flat zone (� ), which can
be considered as the effective interaction region of the system
[13]. The existence of this flat zone makes the system very sim-
ilar to a directional coupler and suggests to adopt this structure
as an approximation of the vertically coupled device. Moreover,
the flat zone presents a dependence on the vertical gap distance
(Lv ) between the waveguide and the resonator. As a result, the
coupling coefficient, and thus the transmission and Q, depends
on Lv showing a peculiar oscillatory behavior [13]. In this work,
we extend this peculiarity of the vertical coupling scheme to the
wavelength dependence of the coupling coefficient.

Indeed, the Coupled Mode Theory (CMT) applied to direc-
tional couplers shows that coupling of light from one waveguide
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to the other depends on wavelength with a periodic behavior [14]
and light can be completely transferred from one waveguide to
the other at different wavelengths. Therefore, in a directional
coupler, and similarly in a vertically coupled system, the same
coupling factor can be achieved at several wavelengths generat-
ing several critical coupling scenarios.

II. MODEL OF THE WAVELENGTH DEPENDENT COUPLING

To verify the qualitative concept discussed in the introduction
for the vertically coupled structure we here extend the model
proposed in [13] to wavelength variations. In particular we start
from the description of the transmittance T (� ) in the vicinity of
a resonance with a Lorentzian function:
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The parameters that appear in Eq. (2)–(5) are: c the light speed
in vacuum, ne�1 the effective index of the resonator mode, L the
length of the resonator, α its intrinsic loss, � the flat zone length,
� β = β1 − β2 the propagation constant mismatch between the
resonator and the waveguide and C12, C21 the mode overlap
coefficients.

Since we are interested in the transmission minimum Tm (� )
(i.e. � = � 0) Eq. (1) becomes:

Tm (� ) =
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where dependence on wavelength of the different quantities is
now considered.

In analogy with the directional coupler, we describe the sys-
tem by two slab waveguides. As a consequence, the explicit
dependence of the different quantities on wavelength can be
described by only few parameters: the geometrical parameters
of the system (waveguide thickness, width and separation), the
refractive indexes of the materials, the resonator effective mode
radius r and its attenuation coefficient α. Indeed, the approxi-
mation allows to derive all the other quantities from analytical
calculations.

From ellipsometric measurements the refractive index of the
three materials constituting the system (resonator n1, bus wave-
guide n2 and cladding nc ) can be found at varying wavelengths.
Then, the first waveguide mode can be obtained by solving the

Fig. 2. (a) Propagation constants and propagation constant mismatch in the
IR domain from (8); (b) normalized mode profiles calculated for the two waveg-
uides at fixed wavelength (1.55 μm); the shaded areas defines the actual position
of the two elements; (c) the radial position of the maximum of the electric field
and (inset) radial shape of the mode inside the resonator at different wavelengths.

transcendental equation [15]:

tan
�

π d sin(θi)
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where d is the thickness of the considered waveguide, θi is
the propagation angle, θc = nc/ni and ni = n1 or n2 depend-
ing on whether the resonator or the bus waveguide is consid-
ered. From the angle θi the propagation constant and the extinc-
tion coefficient of the optical mode outside the waveguide are
obtained as:

βi = ni

�
2π

�

�
cos(θi); τi = nc

2π
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cos(θi)2

cos(π/2− θc )2 − 1

(8)
Therefore the propagation constant mismatch � β = β2 − β1

can be calculated (Fig. 2(a)). With τ and β known for both the
waveguides, the mode profiles along the coupling direction can
be found (Fig. 2(b)) and the overlap coefficients C12, C21 can
be extrapolated from the overlap of the two fields inside the
waveguides [15].

The effective index ne� comes out directly from the propa-
gation constants as ne� = β(2π/� ).

The length of the resonator is L = 2πr with r the resonator
radius, while the size of the flat zone � depends on the vertical
distance between the waveguide and the resonator Lv , labeled
gap in Fig. 1(a). Since in our experiment we are using wedge
resonators (see Section 3 [16]), particular care should be paid to
the different radial modes. Indeed, a univocal definition of the
resonator radius is not possible due to the fact that the different
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Fig. 3. Bus waveguide coupling scheme (top) and transmittance minimum
dependence on wavelength(bottom) for a vertically coupled resonator as result-
ing from Eq. (6) and for a point coupled resonator; SiN and SiON waveguides
have been considered in all the simulations, with 20 μm flat zone length in the
vertical coupling case.

modes circulate on different circumferences. As a result the
parameter r represents an effective radius, which describes
where the field inside the resonator reaches its maximum
intensity (Fig. 2(c)), and it can be easily extrapolated from 2D
finite element simulation. From this assumption the L value is
directly obtained and also � can be derived once the relative
positions of the microresonator and the bus waveguide are
given. The last unknown quantity needed for the computation
of Eq. (6) is the intrinsic loss of the resonator, which can be
obtained from Finite Element Method (FEM) simulations.

Inserting the values for the different parameters in Eq. (6) the
dependence of the transmittance on wavelength for a vertically
coupled structure is obtained. An example of this is shown in
Fig. 3 together with the transmittance minimum coming from
a laterally coupled device [9]. In particular, in the vertical cou-
pling geometry there are multiple critical coupling wavelengths
(Tmin ∼ 0). This contrasts to what is observed for a point cou-
pling geometry, i.e. for a lateral coupling configuration, where
the critical condition occurs for a single wavelength only.

III. DEVICE DESCRIPTION AND OPTICAL MEASUREMENTS

In order to verify the model described above we per-
formed some measurements on a real system composed by a
350 nm-thick and 24 μm-radius SiN wedge disk resonator
vertically coupled to a 250 nm-thick and 2.5 μm-wide SiON
bus waveguide (Fig. 4(a)) [16]. A 7◦ of wedge angle is obtained
by isotropic wet etching. Complete characterization of the
resonator dimensions and shape has been carried out through
Atomic Force Microscope (AFM) measurements described else-
where [17]. As a consequence of the wedge geometry the optical
mode radius is retracted from the external rim with respect to the
one of an anisotropic dry-etched disk-resonator (Fig. 4(b)). The
extent of retraction depends on the considered wavelength (see
Fig. 2(c)) and on the observed optical mode [16]. The resonator
vertical position is fixed 677 nm above the waveguide with
BoroPhosphoSilicate Glass (BPSG) cladding placed in between.
Fig. 4(a) shows the two possible configurations corresponding to
horizontal distances of 2 or 1 μm between the centre of the

Fig. 4. (a) sketch of the device (cross-section); vertical dashed lines show
the central position of the waveguide in the two configurations; (b) simulated
1st order radial mode cross section for wet (top) and dry (bottom) etched
disk resonators showing 2 μm difference in the mode radial position; 24 μm
external radius and � = 1.55 μm have been considered in the simulation; (c)
experimental set-up for the optical characterization of the device: IR or visible
light from two different tunable laser (TL) is sent in the polarization controller
stage (PC) and coupled into the sample through tapered fibers; tapered fiber
and polarization controller are also used to extract transmitted signal from the
sample and to send it to the photodetector (PD).

waveguide and the outer rim of the disk. Henceforth we label
these alignments wg1 and wg2 respectively. A 2 μm thick
SiO2 cladding layer below the waveguide allows to isolate the
optical modes from the Si substrate at the bottom of the wafer.
Detailed description of the fabrication process can be found
elsewhere [16].

Optical measurements have been carried out in the visible
and in the IR range: specifically from 760 nm to 795 nm and
from 1440 nm to 1630 nm, with resolution of 3pm and 1pm
respectively. A sketch of the experimental set-up is shown in
Fig. 4(c). Light from a tunable laser source has been coupled
in and out from the sample using tapered lensed fibers and the
transmitted signal has been acquired with a Ge photodetector.
A polarisation controller in the input stage and a linear polariser
at the output have been inserted in order to ensure the excitation
and detection of a TE mode propagating in the bus waveguide.
All the experiments have been carried out at room temperature
under stable and controlled conditions.

IV. RESULTS

We first focus on the results coming from the wg2 configura-
tion, whose visible and IR spectra are shown in Fig. 5. Both spec-
tra show the typical periodic peaks related to resonant guided
modes, with several order family modes coupled in the visi-
ble spectrum and only two modes in the IR one. Despite Free
Spectral Range (FSR) analysis allows to identify the 1st and the
2nd radial modes as the coupled families in the IR range, the
same analysis does not hold in the visible range. Indeed, even
though periodic peaks associated to different radial families can
be recognized they show very similar FSR and they cannot be
identified within the experimental uncertainty. For this reason
we focused our attention on the brightest order family in the visi-
ble, labeled by squares in Fig. 5(top), showing transmittance and
Q up to 20% and 20000, respectively. The IR spectrum, on the
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Fig. 7. (top panel) Mode profiles at � = 780 nm for the 1st order radial mode
and for the 5th order radial mode. (bottom panel) Integral of the electric field of
the different resonator optical modes computed in the bus waveguide region (red
line and squares) and propagation losses (green line and disk) for � = 780 nm.

are pushed at larger radii by the wedge geometry (Fig. 7(top))
and they show a stronger electric field in the waveguide re-
gion (Fig. 7(bottom)) where the resonator effective height can
be substantially lower than 350 nm. As a consequence to these
considerations an effective thickness as low as 0.1 μm can be
assumed in the visible range. The same geometrical argument
(resonator optical modes propagating at larger radii) justifies
the larger flat zone found for the visible modes with respect to
the IR ones. Indeed, in the IR range only the 1st and 2nd order
family of modes should be taken into account, since the higher
order modes are absorbed by the Si substrate (see Appendix for
details on substrate absorption). Losses and gap values are in
agreement with values found in [13] and with Scanning Elec-
tron Microscope measurements respectively. At this point it is
also worth to note that the developed model takes into account
only first order modes for both the waveguide and the resonator,
while higher order modes are present in the real structures at
visible and IR wavelengths. These considerations can explain
the difference between experimental data and simulated ones.

The curve presented in Fig. 6 shows that the model is not able
to match perfectly the real system, yet. In particular, for long
wavelengths the model predicts an increase in the transmittance
which is not experimentally observed. For this reason, the use
of full 3D simulations of the real system and the possibility
to acquire data in different spectral regions (e.g. NIR) could
constitute important thrusts for a more accurate modeling of the
investigated device.

Other interesting information about the studied system can
be extracted from a comparison of the Q of the 2nd order family
in the IR spectra for the wg1 and wg2 configurations. These are
discussed in Appendix.

V. CONCLUSION

In this work we have experimentally demonstrated simultane-
ous coupling of visible and IR light in a WGM wedge resonator.
The oscillatory coupling model, which describes this specific
coupling geometry, has been extended to wavelength variations

and a qualitative agreement with the experimental observations
has been proven. Similarly, we have evidenced that the point
coupling model fails in the description of vertically coupled
structures. The large bandwidth achieved on a single resonator
extends drastically the application possibilities and flexibility of
an integrated device where the gap between the resonator and the
bus waveguide is fixed. Indeed, it constitutes a desirable basis
for the development of a multichannel technology [19] opening
the possibility to further increase the number of operation per
device. On the other hand, such scheme allows also to critically
couple the various signals of a frequency conversion process
resulting in an overall increase of the efficiency. Finally, the
large bandwidth achieved on a single resonator must be added
to other interesting features gained when vertical coupling is
used, such as low cost CMOS compatible fabrication process,
stable coupling with free-standing structures and wedge res-
onator coupling [12], [16], [20]. Consequently, it emerges that
plenty of space is present for future development and employ-
ment of vertically coupled structure in the design of compact
and cost-effective photonic chip.

APPENDIX

QUALITY FACTOR ANALYSIS

A comparison of the 2nd family resonances for the IR spectra
in the two configurations can lead to a better understanding of
the system. According to the transmittance values (see Fig. 5),
in the wg2 configuration, the system should change from under-
to over-coupling regimes as the wavelength increases, fulfilling
a critical coupling condition at about 1530 nm. Considering
transmittance as the main information channel, wg1 seems to
follow the same behaviour, increasing its transmittance and thus
becoming more and more overcoupled at higher wavelengths.
Surprisingly, a similar analysis on the total Q returns different
situation: the assumed overcoupled wg1 configuration actually
shows Q values always greater than those of wg2, where the
critical coupling condition is reached (see Fig. 8 top).

Despite the two analysis (on transmittance and on Q) seems to
reach opposite results, a solution to this apparent inconsistency
is obtained by considering the total losses (� tot ) composed by
two main channels, the intrinsic one (� int ), due to the material,
and the radiative one (� rad ), mainly due to coupling:

� tot = � int + � rad = � int (1 + k) (9)

where k = � r a d
� in t

is the coupling coefficient.
Then, the transmittance minimum value can be written as:

Tm =
�

� int − � rad

� int + � rad

�2

=
�

1− k

1 + k

�2

(10)

Experimental data of Tm extracted from the IR spectra have
been used in Eq. (10) to obtain the two possible k solutions
of this second order equation for both the configurations wg1

and wg2. Knowing that � tot = ω0/Qtot , � int and � rad values
could be extracted from Eq. (9). Since Eq. (9) and Eq. (10)
are symmetric for � rad and � int they can be swapped in the
calculations with no variation on the results. Therefore
unexpected behavior can be understood as follows. The
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Fig. 8. (top) Quality factors from the IR spectra for wg1 and wg2 ; (bottom)
Intrinsic and radiative quality factors for wg1 and wg2 configurations.

intrinsic Q (Qint ) are the same for both wg1 and wg2 show-
ing a particular strong dependence on wavelength (see Fig. 8).
The similarity of the two values is an expected result since the
two resonators belong to the same processed wafer. In contrast
to the 1st family modes, showing oscillatory coupling (main
text), the low confinement of the 2nd one induces a remark-
able coupling to the Si substrate of the wafer through the SiO2

bottom cladding limiting the Qint with a strong wavelength de-
pendency. This assumption has been confirmed by a FEM simu-
lation which perfectly match the experimental values (green line
in Fig. 8). As expected, much lower losses are found for the wg1

configuration, which becomes mainly dependent on intrinsic
losses (Qt ≈ Qi). In the wg2 case the small difference between
both loss channels (� rad and � int ) results in an overall small
Q, limited mainly by radiative losses for wavelengths below
1525 nm and by internal losses for higher wavelengths. In sum-
mary, the strong dependence of the intrinsic losses of the 2nd

family results in a peculiar behavior where the system remains
in undercoupling regime in wg1, whereas for wg2 it passes from
overcoupled to undercoupled when the wavelength is increased.
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