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Silicon micro-ring resonators are now widely used and studied as filters in the field of
optical communication and as sensitive elements in the fieldof sensing. This work aims to
provide silicon photonic designers with a set of results and reasoning to assist them with
the design of micro-rings. We fully and detailedly characterized waveguide, waveguide
bends, and directional couplers including their dispersion. The chip was fabricated via
the ePIXfab platform. To the best of our knowledge, we are the first to report on the
exceptional phase shift of directional couplers in the situation when they are used as
cross-coupler.

Introduction, devices, and setup
Silicon photonic micro-ring resonators receive large interest [1]. In this work, we present
a methodology to characterize the components of such resonators and the obtained set of
figures.

We characterized integrated optical devices in silicon-on-insulator technology, hav-
ing 220 nm thick rectangular waveguides. The devices were fabricated via the EU-
funded ePIXfab consortium at IMEC (Leuven) in their IMEC8 multi-project-wafer shut-
tle. IMEC fabricated the devices in their semi-industrial CMOS line with deep-UV litho-
graphy. We measured the dimensions of the waveguides with a helium-ion-microscope
(Carl Zeiss SMT), providing 15 nm accuracy. We deposited a 2µm thick SiO2 cladding
using plasma-enhanced chemical vapor deposition (PECVD). However, the disagreement
between the measured coupling of directional couplers and the simulated coupling sug-
gests that the PECVD may be imperfect. The main concern is the deposition of SiO2 in
the small gap between the waveguides.

The photonic chips have out-of-plane grating couplers [2] and are measured in an au-
tomated setup to the provide high alignment repeatability that is necessary for loss mea-
surements [3]. The fibers are manually positioned above the chip for a set of consecutive
measurements. Fine in-plane alignment is achieved by sequentially scanning the 4 in-
plane axis of the two piezo-actuated stages to maximize the transmitted power. We used
amplified spontaneous emission (ASE) light-source and recorded the transmittance spec-
tra aroundλc = 1550 nm free-space wavelength with an optical spectrum analyzer (OSA).

Loss characterization
The devices in Fig. 1a only differ in the lengthl ′ of the straight waveguides, with a to-
tal length difference of 5 cm. Transmission spectra of thesedevices were recorded and
averaged over 5 nm wavelength spans to remove the “noise” originating from spurious re-
flections. The loss per length was found by linear fitting of the transmitted power versus
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Figure 1: Sketch of devices for measuring loss of straight(a) and bend(b) waveguides with
397 nm. Measured loss in straight(c) and bend(d) waveguides (radius 5µm).

the length of the straight waveguides. The average loss overthe 25 nm wavelength span
is -2.50 dB/cm and there is only a weak wavelength dependence (Fig. 1c). This loss is
slightly higher than the values reported in literature [4],possibly because our waveguides
are 60 nm smaller and our SiO2 cladding deposition is not optimized. Loss in waveguide
bends are characterized by comparing the transmission through waveguides with a differ-
ent number of bends (Fig. 1b, with upto 359 bends). The transmission is compensated
for the loss in the straight waveguides and the loss per 180◦ turn is found by linear fitting.
The averaged loss is -0.024 dB/turn with low wavelength dependency (Fig. 1c).

Directional coupler characterization
A directional coupler consists of two parallel waveguides so close that power couples
from one waveguide to the other via the evanescent fields of the modes (Fig. 2a). Using
coupled mode theory, the total electric field is approximated by a superposition of the
two modes of the isolated waveguides. Lossless couplers have straigh-through power|t|2,
coupled power (1−|t|2), and a straight-trough amplitude transmissiont given by [5]

t = e−ı(βb+κbb−δ)L̃ (cossL̃− ıδ/s·sinsL̃
)

, (1)

with βb the propagation constant of the lower waveguide,κbb a correction onβb due to the
vicinity of the other waveguide, 2δ the difference between the corrected propagation con-
stants of the two waveguides,s the coupling coefficient,̃L = L+∆L the effective length
of the coupler, whereL is the length of the parallel waveguides, and∆L is a correction for
the coupling occurring in the bends. The correctionκbb is smaller than the fabrication-
induced uncertainty inβb, hence we neglectκbb≪ βb. Dispersion in waveguide propaga-
tion constantβb is taken into account by assuming linear dispersion of the effective index
ne(λ), henceβb(λ,ne,ng) = 2π((ne−ng)/λc+ng/λ) , with ne andng ≡ ne−λ(∂ne/∂λ)
evaluated atλc. Dispersion in the couplings(λ) = s+ s′(λ−λc) is assumed linear. We
neglect dispersion in∆L, which is validated by the fact that the obtained relations accu-
rately describe the measured spectra. We measured directional couplers in ring resonators
(Fig. 2b) having power transmissionT given by [5]

T =
(

α2+1−2αcosθ
)

|t|2/
(

1+α2|t|4−2α|t|2cosθ
)

·P0, (2)

with α the round-trip amplitude transmission of the ring (α = 1 means no loss),|t| the
amplitude transmission through the coupler,θ the round-trip phase delay of the ring in-
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(e) Fitted parameters
gap [nm] width [nm] s [µm−1] ∆L [µm] s′ [µm−2] δ [µm] ng

222 391 0.073 2.134 0.339 0.0006 4.319
195 392 0.084 2.118 0.411 0.0048 4.319
168 394 0.099 2.053 0.414 0.0042 4.313

Figure 2: Directional coupler characterization.(a) Sketch of coupler. Waveguide width
∼400 nm and bending radius 5µm. (b) Sketch of ring with two couplers. 40µm straight
waveguides and 5µm bending radius.(c) and(d) Straight-through transmission power|t|2

of the directional coupler forλc = 1550 nm andλc±15 nm, respectively.(e) Table of fitted
parameters.

cluding the two couplers, andP0 the power in the input waveguide. For a ring with two
directional couplers, the phase delayθ is, using Eq. (1),

θ =−βbl +2δL̃+2arg
{

cossL̃− ıδ/s·sinsL̃
}

. (3)

We measured three sets of couplers with different gaps and similar waveguides. Each
set consists of eleven devices with coupler lengthL varying from 0µm to 18µm. Equation
(2 with 3 and 1) was fitted fitted to the set of spectra. Transmittanceα was calculated
using Fig. 1, leaving unknownss, ∆L, s′, δ, ng, {ne} and{P0}. The effective indexne

and input powerP0 vary from device to device due to variations in fabrication [1] and in
fiber-chip alignment, respectively, while the other unknowns share single values for all
spectra. Levenberg-Marquardt optimization is used to minimize the squared difference
between the measured and computed spectraT(λ). To weight all spectra approximately
equally, we weighted each datapoint (wavelength) with 1/I , with I the average intensity
in a 5 nm span around this wavelength. An accurate initial guess is necessary, which we
obtained using less complete analysis neglecting dispersion and asymmetry in the coupler
(δ = 0, s′ = 0), and by choosing{ne} andng to match the wavelengths of the resonance
dips in the recorded spectra.

Fig. 3 shows that the fitted spectra agree very well with the measured spectra, indicat-
ing that the theory indeed contains all important effects. LengthL = 8 µm shows a typical
spectrum with a FSR of 5.0 nm, butL = 14µm is in the particular cross-coupling regime
with nearly all light coupled to/from the ring (|t|2 ≈ 0). The change in FSR is due to the
additional phase delay of the directional couplers (Fig. 3c). We define the third term on
the right-hand-side of Eq. (3) as this additional phase delay, which only occurs for cou-
plers with asymmetry between its waveguides (δ 6= 0). We designed the two waveguides
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Figure 3: (a) Measured (cyan, solid lines) and fitted (black, dashed lines) transmissionspectra
of the ring resonators (two different coupler lengthsL). Normalized to the transmission of a
single-mode waveguide.(b) and(c) Quantities obtained from the fitted curve.

to be identical (δ = 0) but observed small a asymmetryδ. This additional phase delay is
usually negligible as the real part inside this argument is much smaller than the imaginary
part (δ ≪ s), but around|t| ≈ 0, we have cossL̃ = 0 so that the real part vanishes and the
phase delay rapidly increases. In one spectrum,L̃ is fixed butsvaries slightly due to linear
dispersions′. The straight-through power of the coupler|t|2 is plotted in Fig. 3b, and the
wavelength of minimal transmission agrees with the rapid variation in additional phase
delay (Fig. 3c) and with the corresponding change in the FSR (Fig. 3a). This significant
change is explained by a small difference between the corrected propagation constants
of the waveguides, 2δ/β, of 0.1%. To get a feeling forδ, we numerically compute the
difference in the widths of the waveguides∆w that would give such an asymmetry, giving
∆w≈ ∂w/∂β ·2δ = 1 nm.

Fig. 2e shows the fitted unknowns and Fig. 2c shows the corresponding behavior of
the couplers. Fig. 2d presents their wavelength dependency, showing a variation in the
coupled power (1−|t|2) up to 0.18 within the wavelength span of 30 nm.

Conclusion
We measured propagation loss of straight and bent waveguides and observed a weak
wavelength dependency. We characterized directional couplers using an analysis based on
coupled-mode-theory and found excellent agreement between the measured spectra and
the theoretical shape, indicating that all relevant physics is included. The couplers showed
significant wavelength dependency. We demonstrated that a tiny (nanoscale) asymmetry
in the two waveguides of a coupler causes a significant additional phase delay in the
cross-coupling regime where most light is coupled from one waveguide to the other.
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