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Abstract: A new method for measuring waveguide propagation loss in
silicon nanowires is presented. This method, based on the interplay between
traveling ring modes and standing wave modes due to back-scattering from
edge roughess, is accurate and can be used for on wafer measurement of
test structures. Examples of loss measurements and fitting are reported.
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1. Introduction

Silicon Photonics is becoming a technology for large bandwidth interconnection [1]. Moving
from optical telecommunication to medium and short distance links requires a choice of
technology that is more suitable for large volumes and low cost. Silicon Photonics is a good
candidate because it exploits the established CMOS fabrication technology that is already
widely developed for microelectronics [2]. In addition the compatibility of the processes
facilitates the integration of photonics and electronics on the same chip. However, in order to
implement large-scale production, with, for example 300mm wafers, in process control of the
fabrication will be required. Testing is a part of the fabrication process that requires attention
because can overcome the wafer cost itself.

The silicon waveguide is the basic building block of a silicon photonic circuit and the
quality of the waveguide is also an indication of the quality of all the passive components of
the circuit. In this paper we analyze a reliable method for the characterization of the
waveguide loss that can implemented in specific test structures placed in any mask design for
photonic wafers fabrication.

To the authors knowledge there is not a standard for waveguide loss measurement.
Commonly used methods are cut back [3], Fabry-Perot loss modulation [4,5], variable length
clips [6], and critical coupling configuration with all-pass single microring structures [7]. In
this paper we propose a method based on a simple microring structure in and under coupled
condition. This method has the advantage of being independent of input coupling losses or
reflections and of being tolerant to the choice of the bus to ring gap size.

Commonly used Si nanowire waveguides have a cross-section of 220 x 480 nm and most
of the propagation loss can be attributed to the side wall roughness [8]. Roughness is a typical
result of the lithography and etch processes [9]. Typical values for the roughness are of the
order of 2nm with a correlation length of ~ 40nm . These values lead to a propagation loss
of the order of 2dB /cm [10]. Improved waveguide fabrication process will decrease the loss
and as a consequence measurement becomes more challenging [11].

2. Theory

In this paper we propose a bus waveguide coupled to a microring structure, as shown in Fig.
1. The bus waveguide is 220x400nm whereas the waveguide in the ring is 220 x 480 nm .
The width of the bus is shrunk to 400nm in order to expand the mode further into the gap
thus making its coupling to the microring more efficient. In the experiment the behavior for
different bus to ring gaps ranging from 100nm to 590nm with incremental steps of 10nm
will be presented.
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Fig. 1. Scheme of the bus waveguide coupled to a microring. The four input and output field
describe propagation in all directions.

The system in Fig. 1 shows a microring coupled to a straight waveguide. Propagation is in
both directions both in the bus and is in the ring. The sidewall roughness of the microring
waveguide scatters the light travelling in the waveguide. The scattered light can either be
transmitted along the waveguide in the same direction or back scattered in the opposite
direction. To account for both propagation directions the system is described by a 4x4
scattering matrix:

b, 0 0 ¢ ik||q
b, _ 0 0 ik ¢t |la, )
b, t ik 0 0]fa
b, ik ¢t 0 0|a

Where a, (i =1,4) are the four inputs and b, (j =1,4) the four outputs. The real

coefficients ¢+ and k£ account respectively for the field transmission and coupling of the bus
to ring directional coupler with the additional condition ¢, +k, =1.
The scattering matrix in Eq. (1) combines with the feedback of the ring as follows:

a,=ab,e”’ +pb, (2.2)
a,=abe™’ +p.b, (2.b)

where p. = p e is the reflection coefficient in the two directions arising from scattering due
to roughness, a and ¢ are the field loss and phase accumulated over one round respectively.

Reflectivity p is a stochastic average and can be computed through the antenna theory as
described in [12]. We approximate the phase of the reflection coefficient using the relation

v+e= % that applies for lossless circuits [13]. Equations (4) and (5) in Ref [12]. present

an integral and an analytic expression for p respectively. Reflectivity p can be viewed as a
measure of the correlation length and the rms value of the surface roughness. @ can be
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arn.

expressed in terms of loss per unit length as a =e ** , where R is the ring radius and o is
expressed in dB /cm .
The output at port Eq. (3) of the bus waveguide is obtained by solving Eq. (1) and Eq. (2)

for a, =0, and reads

t—ae™  p?
b L
T =2

-—> D 6]

2
a a;=0 2 4
3 1—- |l —
/()

whereas the reflection at port Eq. (1) reads

where D =1—ate™? .
This model is a generalization of the approach described in Ref [14], which does not
include backward propagation due to reflections.

3. Experiment and results

To test the theory we have fabricated a number of microrings with variable bus to ring gaps
from 100nm to 590mm in steps of 10nm . The bus waveguide, in the coupling region, is
220nm high and 400nm wide. The waveguide in the ring is 220nm high and 480nm
wide. In order to make bending loss negligible compared to scattering loss the radii of the
microrings were set to 10um . The test structure was designed as follows: each bus

waveguide is coupled to five microrings placed in series far enough from each other not to
interact. In each one of the five rings the radius is progressively increased by 25xam , which
corresponds to a difference in free spectral range of 1nm approximately. This is enough to
make the five resonances perfectly distinguishable. Also, the amount of coupling of the bus to
each of the microrings is varied by varying the gaps. By varying the gap by 100nm one can
make sure to cover the whole spectrum from strongly over coupled to strongly under coupled.
Additionally, the design presented above has been repeated 10 times and each time all the five
gaps are increased by 10nm . In this way we can map the microring response with gaps
ranging from 100nm to 590nm with a 10mm variation. The spectral scans are obtained by
employing an Agilent lightwave measurements system 8164B with integrated tunable laser
source and photoreceiver. All scans have been taken with a spectral resolution of 60MHz .
Light is subsequently processed by a fiber polarization controller to ensure TE polarization
and a lensed fiber to efficiently couple into the device under test.

Figure 2 presents a spectral scan taken in the middle of the L-band. The five resonances
mentioned above are clearly visible and correspond to the following gaps from left to right:
110nm,210nm ,310nm ,410nm and 510nmm . The spectral scan shows clearly how the
amount of coupling changes from high to low and the resonance quality factor degrades
accordingly [15]. The three resonances on the left are over coupled while the two resonances
on the right are under coupled. Furthermore, the under coupled cases show clear splitting in
the resonances. This is due to roughness scattering and coupling into the backwards mode as
described in the previous section. Noticeably, the over coupled cases do not present such
resonances as a consequence of the fact that the broadening due to coupling from the bus into
the ring is the strongest effect.
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Fig. 2. Experimental measurement of five rings sharing a common bus waveguide. The bus to
ring gaps were, left to right, 110nm , 210nm , 310nm , 410nm , 510nm . The radii were
of the order of 10um but slightly different to distinguish the individual spectra. The three

spectra from left correspond to an over coupled condition, while the two spectra on the right
correspond to an under coupled condition

Critical coupling occurs somewhere between 310mm and 410mm gaps. Interestingly,
even by varying the gaps by 10mm from waveguide to waveguide, the critically coupled
condition was never encountered. Due to this fact, methods that measure the waveguide loss
by assuming the critical coupling condition is met are not very accurate since such condition
is extremely intolerant and difficult to spot. In the over coupled condition the coupling
prevails on other effects such as waveguide loss.

Vice versa in the under coupling condition, in which the microring quality factor is very
large, the effect of the waveguide loss prevails on the bus to ring coupling. This is the ideal
situation to accurately measure waveguide loss. However due to the resonance splitting one
has to fit the experimental results with a model that includes such phenomenon, such as the
one described above.

Figure 3 shows the intensity transmission |T |2 for two values of the gap: 320nm in inset

(a), and 390nm in inset (b). These two cases represent a slightly over and a slightly under
coupled condition respectively. The transmission was computed following the approach
described in the previous section for different values of the waveguide loss ¢, namely
1.3,1.7 and 2.1dB /cm .
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Fig. 3. Spectrum of intensity transmission from the bus for a microring with radius of 10um ,

gap 320nm (a), 390nm (b), and waveguide loss 1.3, 1.7, and 2.1dB/cm .

The response in the under coupled regime is highly sensitive to ¢ , which reflects on the
depth of the split resonances. On the other hand in the over coupled regime losses do not
affect the resonance as much. Furthermore the more one moves deep into the under (over)
coupled regime the larger (lower) the sensitivity of the response as respect to o .

Figure 4 shows the impact of a variation in the absorption, &, caused by waveguide
doping on the filter response. By varying the concentration of donor from 2x10'7cm™ to
3x10"em™ and 7x10'"cm™ one induces a loss of & =2, 3 and 5 cm™' respectively. It is clear
that an increase in the loss due to absorption induces a change in the coupling condition by
shifting it toward under coupling. Notice the position of the peaks is not altered meaning the
amount of reflection stays constant. Therefore this method could be easily used to measure
loss induced by doping, which is the case in active devices such as modulator and tunable

filters.
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Fig. 4. Effect of absorption (a) caused by waveguide donor doping (n) on the transmission
spectrum. Blue curve: undoped aveguide, red curve; n = 2 x 10" ecm™ (a = 2 em™), green
curve: n =3 x 107 em™ (a=3 em™), black curve: n = 7 x 10" em™ (a =5 em™).

Figure 5 presents a comparison of some of the experimental spectral scans with the
theoretical fit obtained from the model described above. The fitting is achieved by letting
vary «,p and ¢ . The ultimate goal of the fit is to estimate the propagation loss ¢ . The three
spectra depicted in insets (a), (b) and (c) respectively are such that back reflections p
changes from 0.008 to 0.015 to 0.0303. In fact as the amount of light being back reflected
increases the separation between the two peaks increases too, as already predicted in Ref [12].

The influence of the reflectivity coefficient on the amount of splitting may be understood
from Eq. (2) in which each reflection introduces a phase shift of 7 /2. Assuming for instance
an individual scattering center located in any position along the ring, the propagating light is
in part transmitted and in part back scattered with a certain efficiency. The back-scattered
light is phase shifted by 7z /2.

After a full round trip the same light is back reflected by the same scattering center in the
forward direction thus adding another 7/ 2 phase shift. After the back- and then the forward-
scattering from each scattering center the phase is = shifted and a standing wave within the
ring is formed. Being the standing wave and a travelling wave out of phase, their interaction
leads to destructive interference. In fact when light is scattered inside a high Q cavity the
resulting field may be high enough to cancel the field of the light propagating in the ring. For
this reason the usual transmission dip that one would expect at resonance disappears, as
shown in Fig. 4, and a black fringe appears growing larger when increasing the reflectivity
p.
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Fig. 5. Experimental (red line) and fit (blue line) are shown for three measurements. a)
a=23dB/cm, p=0.008, t=0.9965 b) a=1.7dB/cm, p=0.015, t=0.9991
¢) a=2.1dB/cm, p=0.0303, t=0.9979

On the contrary for p =0 there would be only one transmission dip centered at the
resonance. In other words the intracavity light scattering determines a standing wave similarly
to what happens in a Fabry Perot cavity whereas the light propagating in the ring is a case of
traveling wave cavity. The transmission dip cancellation is the result of the competition

between the two types of cavity and the phenomenon and is more easily understood as a dark
fringe in the middle of the transmission spectrum.

The amplitude of the reflection coefficient p depends on the correlation length of the
correlation function describing the random edge roughness fluctuation [12]. Assuming a
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constant value of average edge roughness, the reflectivity p increases with correlation

length. In addition to back reflection due to surface roughness the radiation can even be
reflected by the the directional coupler which perturbs the propagation of the mode. However
we verified with a 3D-FDTD simulation the magnitude of the coupler-induced reflection is
orders of magnitude lower than value of p needed to fit the spectra. We conclude therefore

the roughness only induces reflection. In fact, as confirmed by experiments,there is no

correlation between the amount of coupling and reflectivity p .

Previous analyses, reported on in Ref [15], already envisaged the backscattering as
possible cause of the resonance splitting in microring spectra. The authors presented a
coupled mode theory describing the coupling between forward propagating mode in the
microring and the backward mode induced by scattering from edge roughness. This model,
equivalent to a double-ring second order filter, basically does not considers that each
scattering point induces a first reflection in the backward direction that, and, being reflected a
second time by the same center after a full round trip, becomes an out of phase forward
reflection with respect to the radiation unaffected by scattering. In terms of physical model,
the case in Ref [15]. is a double ring second order filter whereas in the present model is the
coupling between a ring and a Fabry-Perot like cavity. In Fig. 6 we report on, for the sake of
comparison, an example of resonance splitting fitted with the two methods. The red curve is
the experimental measurement, the blue curve corresponds to the method described in this
paper and the quality of the fitting is excellent throughout the measured spectrum. The green
curve, obtained with the previous approach, instead misses the tails and the discrepancy leads
to a misleading evaluation of the waveguide loss.

Transmission, dB

-1 0 1 2 3 4 5
Frequency, GHz

Fig. 6. Comparison of fitting models. Green curve: experimental, blue curve: present model fit,
and green curve: double ring fit.

Finally Fig. 7 shows the statistics over 64 samples in terms of propagation loss thus
obtained. The measured average loss is 1.7dB /cm and the standard deviation
is0.25dB /cm . Notice the loss resulting from the erroneous fitting of the single resonances in
Fig. 4 would have led to a value of 1.1dB /cm .

The method described in the paper applies to ring waveguides fabricated with a good ring
discretization in the mask. In the present case the discretization was 1 nm. Viceversa, for

rough discretizations the measured value of waveguide loss would be affected by this extra
effect.
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Fig. 7. Statistics of 64 samples gathered on waveguide loss. Average loss is 1.7dB/cm ,
standard deviation 0.25dB /cm .

4. Conclusions

In conclusion we presented a method for measuring the loss in submicron Si waveguides by
means of fitting the transmission of a single under coupled microring structure. This method
could also be useful as a test structure for inline characterization of the waveguide loss,
assuming in this case vertically light coupling and extraction. In the discussion we have gone
through the physical understanding of the double peaked observed transmission and we have
concluded that it arises exclusively from intra cavity light scattering. We have shown also an
example of measurement over a population of 64 rings giving an average loss of 1.7dB /cm .
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