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a b s t r a c t

We build a model to study the sidewall corrugation of fabricated silicon microrings and investigate its
impact on the spectral response of the resonator system. From the scanning electron microscope images,
the sidewall corrugation can be engineered into certain periodicity and characterized into a group of rect-
angular gratings, or quasi-gratings, which in turn generate mutual mode coupling between the forward-
and backward-propagating modes in the ring and lead to resonance splitting. We find that the reflectivity
of the quasi-gratings is proportional to the mutual coupling strength and the resonance splitting only
occurs at the resonances where high reflectivity takes place. The model agrees well with the experimental
measurements and provides some guideline in applying mutual mode coupling for various functions in
the field of optics.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Devices based on silicon microrings have found applications in
many areas, including optical filtering/add-drop multiplexing [1],
signal processing [2–4], bio-sensing [5], etc. High-quality-factor
microrings of various materials are often desired and some studies
[6–8] have been carried out to deal with the surface corrugation,
which leads to propagation loss in the dielectric waveguides
[9,10]. It is also found that apart from inducing scattering losses,
the sidewall corrugation can induce back-reflection and may gen-
erate the counter-propagating mode in the ring. The mutual cou-
pling between the forward and backward modes can lead to the
splitting of resonance peaks [11]. At the first glance, this might
not be desirable in some applications, such as filtering and modu-
lating. However, if further explored, sidewall corrugation can be
designed and engineered [12], and the resulting resonance split-
ting can be utilised for many important functions, such as fast light
in over-coupled region [13], continuously-tunable slow- to fast
light in double-waveguide coupled resonators [14], dense wave-
length conversion and multicasting [15], format conversion from
non-return-to-zero (NRZ) to frequency-shift-keying (FSK) [16],
and optical up-conversion in radio over fibre (RoF) systems [17].
Thus, it becomes necessary to analyze the characteristics of the
sidewall corrugation and build a model for designing the desired
gratings under different conditions.

In this paper, we investigate the characteristics of the sidewall
corrugation structure as well as its impact on the spectral response
ll rights reserved.
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of microring resonators. Unlike the random perturbation evalua-
tion based on antenna theory [18], we estimate the corrugation
analogous to a structure comprising of gratings with rectangular
shape. Furthermore, the transmission response of microring reso-
nators is evaluated in the presence of the grating reflectivity, which
is considered as a lumped reflection coefficient. It turns out that
resonance splitting, including the occurrence, location and degree,
is determined by the distribution of the sidewall quasi-gratings in
our model. The spectral responses for different resonators obtained
from the model are in good agreement with the experimental mea-
surements. Thus, split resonances can be deliberately generated
and eliminated by engineering the sidewall gratings to satisfy a
variety of practical applications.

2. Structure of the quasi-grating corrugation

In previous works [18], the sidewall corrugation was considered
as random perturbations with variable depths and the reflectivity
induced by the corrugation was interpreted as a stochastic average.
However, the scanning electron microscope (SEM) photos of our
device, shown in Fig. 1, tell another story. The corrugation resem-
bles a group of ridges, which appear to have similar amplitude and
period. This traces back to the fabrication process. During the elec-
tron beam lithography (Raith 150, 25 kV) a circular exposure line is
actually broken down into a closed polygene path, forming edges
and corners in the microring structure. Along each edge, there
are a limited number of actual exposure dots with the same step
size. Together with the limited material resolution of the negative
resist (maN2405), some 30–50 nm ridges are formed in a semi-
periodic manner along the microring sidewalls. Based on the SEM
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Fig. 1. The SEM photograph of the quasi-gratings along the sidewall of the
microring resonator. Inset is the corresponding microring resonator with a radius of
�20 lm.
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photos and the understanding of the fabrication process, we treat
the sidewall corrugation analogous to several rectangular gratings
with the same size and period, only separated with different dis-
tances, as depicted in Fig. 2. The zoom-in view in the left shows
the detailed structure for one of the gratings with its period and
length being denoted as K and L, respectively. Due to the SEM lim-
itation, the exact structure of the quasi-grating sidewall roughness
is difficult to observe. Therefore, we only empirically estimate the
distance between the groups of ridges, which is not included in the
equations for model fitting.

3. Reflectivity of the gratings

We illustrate the effective reflection of the quasi-gratings based
on the conventional principle for gratings. To simplify the analysis,
we only consider the first-order diffraction condition. For a single
grating, the reflectivity r can be expressed as [19],

r ¼
j2sinh2ðSLÞ

d2sinh2ðSLÞþS2cosh2ðSLÞ
for j > d

j2 sin2ðQLÞ
d2 sin2ðQLÞþQ2 cos2ðQLÞ

for j < d

8><
>: ð1Þ
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p
are satisfied. Here,

d ¼ 2pneff =k� p=K is the detuned propagation constant and j is
the coupling coefficient of the grating for TE-mode, which is similar
to [20]:
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Fig. 2. Schematic of microring resonator with sidewa
where neff = 2.6 is the effective refractive index for the fundamental
mode and n2

co � n2
cl is the core (Si)-cladding (SiO2) relative permittiv-

ity contrast. As shown in Fig. 2, the ridge width is d and we assume
that the duty cycle [21] of the grating (d/K) is 50%. Since only a
fraction of energy unconfined in the waveguide core is affected by
the corrugation, the coefficient (1 � C) is involved in estimating
the value of j. We choose the confinement factor C = 0.9, which
is typical for Si/SiO2 single mode waveguide [22]. Thus, j � 1/k is
obtained.

Specifically, we explore the quasi-grating corrugation along a
microring resonator with the radius of �20 lm. Since the pseu-
do-circular scan mode in E-beam generates nodes with period
around one hundred nanometers [11] and generally signal process-
ing is carried out in C band, we evaluate the reflectivity of the qua-
si-gratings in the wavelength from 1540 to 1560 nm with the
grating period around 100 nm. As a result, the Bragg wavelength
is �500 nm based on the diffraction theory (kBragg = 2nK, n � 2.5).
The impact of high order harmonics of the rectangular grating is
negligible as they correspond to shorter wavelengths. Since the
interested wavelength range is far away from the Bragg wave-
length, the reflectivity of a single grating is very small (r� 1).
Thus, the overall effective reflectivity of the quasi-gratings R is sim-
ply expressed as:

R ¼ 1� ð1� rÞN ð3Þ

where N is total number of the gratings along the ring. We consider
the reflectivity variation of the corrugation with different grating
features. Firstly, we assume that the corrugation composes of four
gratings (N = 4) with the same length of 25 lm as the circumference
of the ring is �125 lm and there is a distance between every two
adjacent gratings. Based on the analysis above, we plot the reflectiv-
ity variations as a function of the wavelength with grating periods
of 80, 100, and 120 nm, respectively.

Fig. 3 shows that both the average value and variation range of
the reflectivity increases with the grating period lengthening. Fur-
thermore, we fix the grating period at 100 nm and study the reflec-
tion feature with various grating distributions. Besides the one
already analyzed (four gratings with the same length of 25 lm),
we evaluate another two structures for comparison. One is formed
by seven gratings (N = 7) with the same length of 16 lm and the
other one comprises two gratings (N = 2) with the same length of
45 lm. Fig. 4 displays their different characteristics. In the inter-
ested wavelength range, the reflectivity experiences two ‘‘peak to
valley” courses for the structure with grating length of 45 lm,
while it experiences only once for the other two structures. Thus,
the grating length should be shortened if a slowly varied reflectiv-
ity is desired. Moreover, the average reflectivity decreases with the
increasing of grating length.
ll corrugation analogous to rectangular gratings.



Fig. 3. Reflectivity variation as a function of the wavelength with different grating
periods.

Fig. 4. Reflectivity variation as a function of the wavelength with different grating
lengths.
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4. Spectral responses of the resonators with sidewall gratings

To verify the reliability of our model and investigate its influ-
ence on the spectral responses, we discuss three different micror-
ing resonators. The inset of Fig. 1 shows one of the resonators,
which are fabricated on a commercial single-crystalline SOI wafer
with a 250-nm-thick silicon slab on top of a 3-lm silica cladding
layer. The cross section of the silicon waveguide is 450 �
250 nm2 with an effective area of 0.1 lm2 for the transverse-elec-
tric (TE) mode. The microring is sandwiched between two straight
waveguides with an air gap of 120 nm. The measured spectral re-
sponses (blue solid curves) through the drop channels of the three
resonators are shown in Fig. 5a, d, and g, respectively.

It can be seen that their characteristics are quite different from
each other and the resonance splitting only occurs at certain wave-
lengths in every resonator. Considering the quasi-gratings’ effec-
tive reflectivity R as a lumped reflection coefficient conforming to
the characteristics of the built model and using steady-state loop
equations [18], we evaluate the corresponding spectral response
as:
Sd

Si
¼ �j

j2
1

1� t2
k A expð�j4p2R0ng=kÞ

ð4Þ

A ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
1� R
p

� t2
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1�
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t2
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where R0 is the ring radius around 20 lm and the group index
ng = 4.1 is estimated from the measured free spectral range (FSR)
of the resonators. tk ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� j2

1

q
is the transmission coefficient asso-

ciated with the coupling coefficient j1 between the ring and one
adjacent waveguide. j1 = 0.17 is derived based on the resonance
spectrum measurements and calculations as [23]. Using Eqs. (4)
and (5), the fitted transmission responses (red dashed curves) for
all of the three resonators are depicted. The resonance splitting de-
gree and distribution are proved to be determined by the reflection
characteristics of the quasi-gratings in the spectral fitting.

For the resonator with the spectral response shown in Fig. 5a,
we find that the phenomenon of peak splitting takes place at only
one resonance and the peak values of the resonances are different.
Once a resonance wavelength matches a high reflectivity, the peak
splitting appears. Since the reflectivity feature can be modified by
adjusting the number of gratings (N) and the length (L) of one grat-
ing, a preliminary spectral fitting is achieved with the corrugation
structure consisting of four gratings with the same length of
25 lm. In addition, a little variation of the ring radius and grating
period will also influence the resonances and reflection features,
respectively. As a result, the spectrum fits to the measured one
more accurately when the grating period and ring radius are set
as 109.82 nm and 19.99 lm, respectively. Fig. 5b and c displays
two zoom-in resonance peaks and it can be seen that the simulated
resonances based on our built model agrees well with the mea-
sured results. Similarly, the other two measured transmission re-
sponses can also be fitted based on our model. Fig. 5d shows the
spectra of another resonator. Peak splitting appears in three con-
secutive resonances, implying that the reflectivity varies slowly
and all of the three resonances correspond to a high reflectivity,
which can be achieved by decreasing the grating length
(L = 16 lm) in accompany with the grating number increasing
(N = 7) according to the analysis above. Besides, the optimal grat-
ing period is 108.93 nm and the ring radius goes up to 20.39 lm
since the free spectral range becomes narrower. Fig. 5e and f shows
two detailed split resonances around 1549.4 and 1554 nm, respec-
tively. A minor reflectivity difference induces the discrepancy of
their splitting degree. From the spectra illustrated in Fig. 5g for
the third resonator, it is obvious that a fast reflectivity variation
takes place leading to a modification of the corrugation structure,
which is composed of two gratings (N = 2) with the same length
of �45 lm. The optimal grating period is 109.28 nm and the ring
radius slightly changes to 20.4 lm. It can be seen from the
zoom-in resonances in Fig. 5h and i that no splitting occurs due
to the relatively low average reflectivity of the quasi-gratings, as
depicted in Fig. 3b. There is some discrepancy between the fitted
spectra and measured ones due to the imperfections of measure-
ment instruments and the noise floors.
5. Conclusion

We investigate and build a model for the quasi-grating corruga-
tion along the sidewall of microring resonators. Since the corruga-
tion consists of rectangular quasi-gratings according to the SEM
photographs, its reflectivity can be estimated using the conven-
tional theory. Also, the impact of the corrugation on the spectral re-
sponse of resonators is studied. From the measured three
transmission spectra and the corresponding fitted ones, it is found
that the occurrence of the split resonances and their splitting de-
gree are affected by the quasi-gratings’ reflection feature, which



Fig. 5. Transmission spectra (a), (d), and (g) and the corresponding zoom-in resonances (b, c), (e, f), and (h, i) for the resonators with different sidewall corrugation structures.
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is determined by the grating period and length. Thus, it sheds some
insights on the design of the grating-assisted microrings when the
grating period and length can be controlled precisely in the fabri-
cation systems.
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