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Compact temperature-insensitive modulator
based on a silicon microring assistant

Mach—Zehnder interferometer*
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On the silicon-on-insulator platform, an ultra compact temperature-insensitive modulator based on a cascaded

microring assistant Mach—Zehnder interferometer is proposed and demonstrated with numerical simulation. According

to the calculated results, the tolerated variation of ambient temperature can be as high as 134 °C while the footprint

of such a silicon modulator is only 340 um?.
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1. Introduction

Silicon photonics has been attracting more and
more attention in recent years due to its compatibil-
ity with standard CMOS processes, which has great
potential for application in intra/inter chip optical in-
terconnection. The electro-optic modulator, in which
an optical carrier wave can be modulated by a high
speed electronic data signal, is one of the fundamen-
tal components in optical transmission links. The sili-
con modulator is competitive compared with different
types of modulators because of its CMOS compatibil-
ity. Modulation in silicon can be classified as electro-
refractive or electro-absorptive. Since the Pockel ef-
fect, which causes electro-absorption, is very weak
in pure silicon at a telecommunication wavelength of
1.55 um, most silicon modulators are based on electro-
refractive modulation due to the plasma dispersion
effect.l!! Generally, the modulation speed and depth,
optical bandwidth, insertion loss, footprint, temper-
ature stability, and power consumption are the main
figures of merit of a modulator. There are two com-
mon structures for Si electro-refractive modulators:
the Mach—Zehnder interferometer (MZI) and the res-
onant cavity. For an MZI modulator, the temperature
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stability is very high but it suffers from a large foot-
print and high power consumption. For example, the
length of the most compact MZI modulators reported
up to now is longer than 200 um with a drive volt-
age of 1.8 V.[I So, such a type of modulator is hard
to use in chip-scale integration. On the contrary, the
footprint of those based on a resonant cavity can be
very small since high-Q resonance is utilized to ob-
tain a deep modulation depth and reduce power con-
sumption. However, due to the large thermo-optic
coefficient of silicon (~ 1.86 x 107* K1), resonant
electro—optic modulators suffer from high tempera-
ture sensitivity.l'! Several approaches have been pro-
posed and demonstrated to deal with such problems.
One of the approaches is to adopt a polymer coat-
ing with a negative thermo-optic coefficient.®l This
method is effective but not compatible with standard
CMOS processes. Another approach is to use an ac-
tive compensation scheme,!* in which the extra power
consumption is considerable. Guha et al.%! proposed
and demonstrated a new structure based on a ring res-
onator coupled to an MZI, where the waveguide width
of one arm of the MZI is carefully designed to reduce
the spectrum drift in a temperature span of 80 °C.
However, the arm length of the MZI is still very long
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(~800 um). Recently, Green et al.l!l demonstrated a
new approach combining the MZI and photonic crystal
waveguide together to realize Si modulator with both
high temperature stability (large optical bandwidth)
and small footprint. The length of the phase shifter
in an MZI modulator is reduced by the slow-light ef-
fect of a photonic crystal waveguide, since an larger
group index (ng) can introduce larger phase-shift for
a given refractive index change of material. The pho-
tonic crystal waveguide is used in the slow-light re-
gion and V7L < 0.056 V-cm is achieved. But this
approach suffers from the complex fabrication process
of photonic crystal structure.

In this paper,
insensitive optical modulator based on a cascaded mi-

we propose a temperature-

croring assistant MZI structure, where the radius of
microrings coupled to each arm of the MZI increases
linearly to obtain a wide working spectrum. Similar to
that in Ref. [2], the effect of slow-light in the microring
is utilized to obtain a compact footprint while the fab-
rication of this waveguide is much easier than that of
the photonic crystal waveguide used in Ref. [4]. The
symmetrical structure of the MZIs used in the pro-
posed optical modulators leads to their temperature
stability. The tolerated variation of ambient temper-
ature can be as high as 134 °C while the footprint
is only 340 um?. Furthermore, the influence of fabri-
cation tolerance and carrier absorption in a practical
device is also discussed.

2. Setup and operating principle

The proposed modulator is based on a cascaded
microring assistant MZI (CMA-MZI) structure as
shown in Fig. 1. There is a balanced MZI and two
groups of microrings, the radii of the microrings on
each arm, denoted as Ri; ~ Ri, and Rgy ~ Ron,
increase linearly while the structure of the MZI is
symmetrical. To make the footprint more compact,
all of the microrings are settled inside the MZI. The
length of the phase shifter is denoted as L, the length
of Y-splitter is D, and the width of the CMA-MZI is
W. So the area of the CMA-MZI can be expressed
as W x (2D + L). The p- and n-doped areas are also
shown in Fig. 1. The electrically driven signal could be
applied to only one group of microrings (Ry1 ~ Ry
or Ro; ~ Ray,) or both of them. The working states
of the CMA-MZI could be denoted as “state on” and

“state off”. In the state of “state on”, there is no

refractive index difference between two arms of CMA-
MZI and the phase difference is 0 so that the output
of modulator is maximum, while in the state of “state
oft”, there is a specific refractive index difference be-
tween two arms of the CMA-MZI and the phase dif-
ference is 7 so that the output is minimum.

RZI RZm

Fig. 1. Schematic plot of the cascaded microring assistant
MZI modulator.

The optical transfer function of a balanced MZI
is given by

o= 5
= ;{ exp (—%) [eXp(—jﬁ1L)
+ exp(ifat] 1)

where « is the power attenuation constant, 8 is the
propagation constant, and L is the length of phase
shifter. So the output intensity is

Iout - |E|out|2

= Ije “cos’ <ﬂ1L — 62L)
mn 2

A
= Iipe”*cos? (f) , (2)

where I, = |Ei,|? and I,y is determined only by the
For a bal-
anced MZI, when the ambient temperature changes,

phase difference between the two arms.

the phase variations of two arms are just the same
so that the output of the MZI will not be influenced.
It can be easily concluded that the excellent tempera-
ture stability of an MZI originates from the structure’s
symmetrical nature. However, the phase shifter of a
conventional MZI modulator is usually long, owing to
the weak plasma dispersion effect in Si. At a wave-
length of 1.55 um, the refractive index change An due
to carrier injection can be expressed asl!]

An = Ang 4+ Any
= —[8.8x 107*% x An,
+ 8.5 x 10718 x (Any,)%8], (3)
where An ., and Any, are the changes in refractive in-

dex resulting from changes in the free-electron and
free-hole carrier concentrations, respectively. From
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Eq. (3), it can be found that the linear coefficients
for An, and Any are very small so that the length of
the MZI should be long enough or the drive voltage
high enough to achieve a 7 phase shift. The phase re-
sponses of MZIs with different lengths are calculated
(Fig. 2(a)), the parameters of waveguide are listed in
Table 1. When the refractive index change between
two arms of 0.002 is chosen, the length of phase shifter
should be larger than 600 um to obtain the 7w phase
difference (Fig. 2(b)). In the state of “state-on”, the
phase delay of two arms is indicated with a solid curve;
there is no phase difference between the two arms. In
the state of state-off, the phase delay of one arm is rep-
resented with the dashed curve while the other arm is
unchanged; so there is phase difference m between the
two arms and the output power is minimum.
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Fig. 2. Phase responses of a conventional MZI with dif-
ferent values of L (a), and in the case of L = 600 pm,
when the refractive index changes 0.002 from “state on”
to “state off”, the phase changes 7 (b).

In order to reduce the footprint, the slow-light
effect in the microring is utilized to increase the effi-
ciency of the phase-shifter. So the length of the MZI
can be shorter while the temperature stability remains
good with the help of a balanced structure. For using
the slow light effect in a microring, the phase response

of the microring is more important than the ampli-
tude response, so that the spectrum does not need to
be very sharp and the fabrication tolerance can be im-
proved. The optical transfer function of the microring
is given by

Eout t — que " iBLring

H= = .
L 1 — ate3BLlring’

(4)

where L,ing is the circumference of the microring, ¢ is
the cross coupling coefficient of the microring to the
bus waveguide. Via adjusting coupling coefficient ¢,
the working state of a microring can be varied.[”) The
amplitude responses and the phase responses in under,
critical, and over-coupled states are shown in Fig. 3. It
can be seen that there is a linear phase response range
for each working state. But the widest wavelength
range of linear phase response could be achieved at
the over-coupled state (Fig. 3(b)). The curved slope
can be manipulated by controlling ¢ in an over-coupled
state. Here, we change the parameter ¢t by chang-
ing the spacing between the bus waveguide and the
microring. When the variation of refractive index is
given, a proper phase response can be obtained to real-
ize 7 shift in a certain wavelength range ((Fig. 4(a))).

Therefore, if two identical microrings over-coupled to
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Fig. 3. Variations of transmission (a) and phase (b) with
wavelength in three different coupling cases, with ring res-
onators each having a radius of 10 um.
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two arms of a balanced MZI, through varying the re-
fractive index of one microring, the phase difference
between two arms could be varied from 0 to 7 in a
certain wavelength range. Furthermore, the extinction
ratio in an over-coupled state is very poor (Fig. 3(a))
so the amplitude response of each arm of an MZI
would not change much in the state of state-off.
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Fig. 4. Variations of phase delay with time of CMA-MZI
modulator when the number of microrings on each arm is
1, 2, 3, respectively.

When more microrings are applied, the collective
phase responses of all microrings will be superimposed

together. The wavelength range of linear phase re-
sponse can be extended when the resonant wavelength
of each microring is staggered as shown in Fig. 4. The
linear wavelength ranges are about 2 nm, 6 nm, and
10 nm in the cases from m = 1 to 3. To achieve this,
the radius of microrings should be increased linearly

in the proposed structure.

3. Simulation results and discus-
sion

The numerical simulation is carried out with
MATLAB. The equivalent FP model shown in Ref. [8]
is used for microring calculation and the parameters
are listed in Table. 1.

In Fig. 5(a), the simplest case of m = 1 is shown,
where there is only one microring on each arm of MZI.
The calculated transmission spectra of “on-state” and
“off-state” are shown in Fig. 5(b). Firstly, the mod-
ulation depth of 7 dB and refractive index change of
0.005 are chosen. As shown in Fig. 5(b), the output
power difference between the on-state and off-state is
more than 7 dB at wavelength ranging from 1.5442 pm
to 1.5465 um. We define this wavelength range as op-
erating wavelength range. The operating wavelength
span is about 2.3 nm in the case of m = 1, which is
optimized through scanning the spacing between the
bus waveguide and the microring (Dym, ). When ambi-
ent temperature rises, the spectrum will be red-shifted
as shown in Fig. 5(c). Due to operating in an over-
coupled state, the spectrum of the CMA-MZI is not so
narrow as that in a critical-coupled state so that the
transmission ratio of on-state could be kept beyond
a certain value. When the modulation wavelength is
chosen to be 1.5465 um at 0 °C, a temperature sta-
bility span of 30 °C can be obtained. We scan the
ambient temperature from 0 °C to 35 °C, and the
transmission spectra are shown in Fig. 5(c). Actu-
ally, the results in Figs. 5(b) and 5(c) only show the
transmission spectra of state-on and state-off, when
the refractive index changes gradually, the modula-
tion curve is obtained as shown in Fig. 5(d). We can
see that the 7-dB modulation depth can be maintained
from 0 °C to 30 °C, but when the ambient tempera-
ture is beyond 30 °C, the modulation depth cannot
reach 7 dB any more.

Table 1. Parameters used in calculation.

Width of the waveguide 500 nm The refractive index of microring (without driven voltage)  3.45
Thickness of the waveguide 160 nm The refractive index of microring (with driven voltage) 3.445
Waveguide loss 2 dB/cm  Thickness of the top silicon of SOI 220 nm
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Fig. 5. Schematic plot (a), transmission spectra (b), (¢), and modulation curves (d) of two-ring resonators over-coupled to
a balanced MZI.

In order to obtain a wider temperature span, more

microrings could be introduced. The radii of micror- ok
ings in arms have a small difference (AR) so that the
spectrum of every microring is staggered. Therefore,
when an appropriate AR is settled, the available mod-

ulation wavelength span can reach a maximum value.
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AR and Dy, are scanned in our calculation. Taking _ao L

m = 2 for example (Fig. 6(a)), the optimal values of : : : : : :
1.53 1.54 1.55 1.56

AR and Dy, ar 18 nm and 16 nm, respectively. The Wavelength/mm
available wavelength span is 6.1 nm (Fig. 6(b)) and the
corresponding temperature span is 76 °C. Similarly, if 0
m is increased to 3 (Fig. 7(a)), the optimal values of m
—10
AR and Dy, are 19 nm and 16 nm so that the avail- %
able wavelength and temperature span are 10.3 nm é —20
(Fig. 7(b)) and 134 °C, respectively. H
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is wider. The results of three aforementioned cases are Fig. 6. Transmission spectra (a) and modulation curves

33 °C, 81 °C, and 142 °C, respectively. (b) of four ring resonators over-coupled to a balanced MZI.
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Fig. 7. Transmission spectra (a) and modulation curves
(b) of six ring resonators over-coupled to a balanced MZI.

Until now, the temperature stability of our pro-
posed CMA-MZI modulator has been discussed. For
on-chip integration application, device footprint is an-
other important issue. To make the proposed struc-
ture more compact, all of the microrings are placed in-
side the MZI as shown in Fig. 1 while the defined struc-
tural parameters are also shown. In order to show the
compactness of our proposed modulator, we make a
simple comparison among several types of structures.
Since there is no report about the area of a practical
MZI modulator, we first estimate the footprint of such
modulator. Here the smallest reported W and D for
MZI are chosen to be 4 um and 2 pm, respectively!?!
and the shortest length is taken to be 200 um. Then
the area of a practical MZI modulator is 800 um? at
least according to the state of arts. For our proposed
modulator, W, D, and radius of microring is 10 pm,
2 um, and 5 pm, respectively. Then for the case of

m = 1, 2, 3 the estimated area of the whole modulator
and the relevant tolerated temperature span are listed
in Table 2. For the cases of m = 1-3, the footprints
are 140 um?, 240 um?, and 340 pm?, respectively. It
could be seen that the footprint for each case is much
smaller than that of MZI modulator, which is due to
the help of the slow light effect of microrings. It should
be mentioned that the footprint of electrode, which is
not included in the aforementioned discussion, may
be considered for a practical device. For a discrete de-
vice, the area for contact pad of ground-signal-ground
(GSG) type is about 300 wum x 400 um,% which is
even much larger than that of Si MZI modulator, so
that the footprint of a modulator is generally domi-
nated by the electrode pads. At this point, the benefit
of our proposed device is not so significant. However,
for application of on-chip optical interconnection, the
optical die could be linked to electrical layer through
silicon vias (TSV) and three-dimensional (3D) integra-
tion technology.'* According to International Tech-
nology Roadmap for Semiconductors (ITRS) 2010,
the diameter and pitch of TSV are 1 um—2 pm and
2 um—4 pum, respectively. And such values would be
further reduced to 0.8 pm-1.5 pm and 1.6 pm-3 pm
in 2015. Actually, such a small TSV can be easily
fabricated in the device area shown in Fig. 1 with
proper and careful design. In this work, we focus on
the integrated Si modulator for optical interconnec-
tion on-chip rather than a discrete device so that the
footprint of our proposed device is dominated by the
waveguides and the microrings. That is also the rea-
son why the area of the electrode pads is not included
to evaluate the footprint of integrated silicon optical
modulators.!!]

In our proposed structure, the coupling space
Dy is very critical as it determines the operating
status of microring. For a practical device, the Dy,
would be affected by the fabrication tolerance. In
order to evaluate the influence of fabrication toler-
ance, we calculate the span of temperature stability,
with varied Dy.,. Here, we assume that the device is
fabricated by 180-nm standard CMOS process and the

Table 2. Estimated footprint and tolerated temperature span of an MZI modulator and a CMA-MZI with different

parameters.
m 1 2 3 0
Footprint W=« (2D+2R) W=x(2D+4R) W=*(2D+6R) W=x*(2D+ L)
Footprint /pum? 140 240 340 800
Temperature stability (°C) ER = 7 dB 30 76 134 -
Temperature stability (°C) ER = 5 dB 33 81 142 -
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fabrication tolerance is 15% (~30 nm). Then the Dy,
is randomly set to be a value within 164+15 nm for
the case of m = 3. By repeating the calculation 200
times, the static distribution of temperature span is
shown in Fig. 8. It could be seen that temperature
span of ~60% of the calculated cases can maintain
130 °C while 6% of those is within 86 °C-94 °C and
34% of those is lower than 56 °C. So it could be con-
cluded that the fabrication tolerance of +15 nm would
lead to the deteriorated performance. However, in our
calculation the fabrication tolerance is about twice as
large as the optimal coupling space Dy, (16 nm), the
obtained yield is still as high as ~60%. So we believe
that our proposed structure is very promising for prac-
tical devices.

100 F

m=3
80 r D~ [1,31] nm
60

40

Distribution/%

20
0 T T T _ T T T
40 50 60 70 80 90 100 110 120 130
Temperature/°C

Fig. 8. Static distribution of temperature span with ran-
domly varied coupling space Dywm.

While designing a CMA-MZI, the Dy, is deter-
mined by the loss of microring, which could be in-
troduced by the roughed sidewall of waveguide due
to imperfect fabrication or by the carrier absorption
due to Franz-Keldysh effect.l!] In our calculation, the
waveguide loss is set to be 2 dB/cm and the carrier
absorption is ignored. For a practical device, the Dy,
should be carefully designed according to the waveg-
uide loss and carrier absorption. As an example, we
calculate the influence of carrier absorption for the
case of m = 3. Here, the variation refractive index
is assumed to be An = £0.0025, then the density of
carrier could be obtained from Eq. (3). Then the addi-
tional loss carrier absorption could be calculated from
the folllowing relation:

Aa = Aag + Aoy
6.0 x 10718 x An, +4.0 x 107'% x Any,. (5)

The calculated value is about 0.16 dB. With the
same parameter of Dy, = 16 nm shown in Fig. 7(b),

the temperature span of stable operation would be de-
teriorated to 120 °C (ER = 7 dB). For obtaining the
same temperature span as that in Fig. 7(b), the Dy
should be optimized as 28 nm for considering the car-
rier absorption.

As discussed above, the influences of fabrication
tolerance and carrier absorption should be considered
for designing a practical device with optimal structure
parameters. However, the operating principles of our
proposed CMA-MZI would be still valid.

4. Conclusions

A compact and temperature-insensitive modula-
tor with a microring assistant MZI structure on the
silicon-on-insulator platform is proposed and demon-
With the help
of the slow light effect of over-coupled microrings, a

strated with numerical simulation.

higher-efficiency phase-shifter is obtained so that the
footprint of MZI modulator is reduced. Due to the
symmetrical nature of the MZI structure, high tem-
perature stability is also obtained. The radius of mi-
crorings increases linearly to obtain linear phase re-
sponse in a wider wavelength span. When the modu-
lation depth is 7 dB, it is found that the stable tem-
perature spans are 30 °C, 76 °C, and 134 °C for cases
of m = 1, 2, and 3, respectively. At the same time,
the corresponding footprints of our proposed CMA-
MZI are estimated to be 140 pm?, 240 pum?, and
340 um?, respectively. The area of the most compact
MZI is estimated to be 800 um? with the reported
optimal value. Finally, the influences of fabrication
tolerance and carrier absorption in a practical device
are also discussed. These results indicate that our pro-
posed CMA-MZI modulator provides an approach to
achieving a compact and temperature-insensitive op-
tical modulator with CMOS compatible process.
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