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University of Science and Technology, Daejeon, South Korea

We present a possibility of intensifying temperature sensitivity of a silicon Mach-Zehnder
interferometer (MZI) by using a highly negative thermo-optic property of titania (TiO»). Tem-
perature sensitivity of an asymmetric silicon MZI with a titania cladding is experimentally
measured from +18 to —340 pm/°C depending on design parameters of MZI.
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Introduction

There have been many efforts to adjust temperature-dependent wavelength shift (TDWS) of
a photonic waveguide device using a cladding material with a negative thermo-optic coeffi-
cient (TOC) differently from a core material with a positive TOC (Kokubun et al., 1998; Lee
et al.,, 2007, 2008; Alipour et al., 2010; Guha et al., 2013; Bovington et al.,, 2014; Lee, 2014).
Polymers have been popularly used as the cladding material with a negative TOC (Kokubun
et al., 1998; Lee et al., 2007, 2008), and titania (TiO,) is recently attracting attention with a
highly negative TOC (Alipour et al., 2010; Guha et al., 2013; Bovington et al., 2014; Lee, 2014)
and its merit of complementary-metal-oxide-semiconductor (CMOS) compatibility in fabrica-
tion when it is used for a silicon photonic waveguide device. Silicon has a very high TOC of
1.8 x 107*/°C and there have been many efforts to reduce the high TDWS of silicon photonic
devices such as a ring resonator by using polymer (Kokubun et al, 1998; Lee et al, 2007,
2008) or titania cladding (Alipour et al., 2010; Guha et al, 2013; Lee, 2014) with a highly
negative TOC.

In case of silicon photonic Mach-Zehnder interferometer (MZI), there were reports showing the
way to reduce the TDWS of MZI without using a cladding with a negative TOC (Uenuma and
Moooka, 2009; Guha et al., 2010; Dwivedi et al., 2013). TDWS of silicon MZI was shown to be
reduced by using different widths of waveguide (Uenuma and Moooka, 2009; Guha et al., 2010)
or by using different polarization (Dwivedi et al., 2013) in each of the MZI arm, respectively. The
difference in each of the MZI arm can induce a different temperature-dependent phase change for
the each arm, resulting reduction in TDWS of MZI.

The previous efforts of silicon photonic devices using a negative thermo-optic cladding have
been focused on reducing the TDWS, but there have been demands also on high TDWS in
such applications of low power temperature tuning (Masood et al., 2013) and integrated-photonic
temperature sensors (Irace and Breglio, 2003; Kim et al., 2010; Deng et al., 2014). So, it would also be
attractive if there is a method to intensify the TDWS of the silicon device by using a cladding material
such as titania with a very high TOC. There have been MZIs using titania for chemical sensing (Qi
et al., 2002; Celo et al., 2009), but no reports on temperature sensors using titania cladding to the
best of our knowledge.

In this regard, here, we combine the method used to in reducing TDWS of silicon MZI with
different dimension for each arm and the method of adding titania cladding on the silicon MZI to
show the possibility of ultrahigh temperature-sensitive silicon MZI.
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Experiment and Results

Design and Fabrication

Temperature dependence of a silicon MZI can be adjusted by
asymmetric geometry of two waveguide arms with different effec-
tive refractive indexes induced by different cross-sectional dimen-
sion as in reference Uenuma and Moooka (2009) and Guha et al.
(2010). Silicon MZIs in this experiment are designed with varia-
tions in the length of MZI arm and cross-sectional dimension of
each MZI arm as in Figure 1. Figure 1A shows AsyL, which is
for asymmetry in the length of each MZI arm of 80 pum, L for the
common length of MZI arm, which is varied from 110 to 360 pm,
w0 for the common width of waveguide core, which is 450 nm,
w1 for the cross-sectional dimension of a waveguide core which
is 1350 nm and shaped as a rib waveguide shown in Figure 1B or
450 nm and shaped as a channel waveguide for a comparison, and
w2 for the cross-sectional dimension of a waveguide core which is
350 or 450 nm for a comparison. Figures 1B,C show the cross-
sectional structure of the waveguide with a silica cladding and
a titania cladding, respectively. The rib waveguide is formed by
shallow etch of 70 nm for the width w1, and there are tapers at
the both ends of the rib waveguide for an adiabatic transfer to the
channel waveguide with the width of w0.

Figure 2 shows a microscopic image and scanning electron
microscope (SEM) image of the fabricated MZIs. There are many
variations for the length, L, in design, but we limit our discus-
sion here to the two extreme case of L, 110 and 360 um. Sili-
con waveguide core with the width of 450 nm was patterned by
DUV lithography on a silicon-on-insulator (SOI) wafer with a
220-nm thick silicon layer on a 2-um thick buried oxide (BOX)
layer. The fabrication of the devices except a deposition of titania
cladding were processed using a standard CMOS fabrication pro-
cess through ePIXfab. There were two types of fabricated device:
one with a silica (SiO,) cladding and the other without an upper
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FIGURE 1 | (A) Schematic diagram of asymmetric MZI with arms different in
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of the cross-section of the arms in (B) with silica cladding and (C) with titania
cladding, respectively.

cladding. We deposited 400 nm thickness of titania cladding on
the fabricated device without an upper cladding, using electron-
beam evaporation. The initial vacuum level of the electron-beam
evaporation was 5 x 1077 Torr, and it was kept at 8 x 107> Torr
with O, during the deposition. The temperature of a plate holding
SOI chip was maintained at 150°C during the evaporation, and the
speed of deposition was about 3A/s. The refractive index of titania
was measured using ellipsometry as 2.13 at 1550 nm.

Measured Results

One pair of single-mode fibers is coupled to the silicon devices
for measurement through grating couplers which are with 630-
nm pitch and 70 nm depth of the shallow etch. Figure 3 shows
normalized transmission spectra of a silicon MZI with a silica

wl=1350nm

o S el e W2=350nm

i

f i gt

mEE

FIGURE 2 | A microscope image and a SEM image of silicon MZIs
fabricated in this experiment.
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FIGURE 3 | Normalized transmission spectra of MZI with silica
cladding as the temperature varied from 15 to 55°C when L =360 um,
w1 =1350nm, and w2 =350 nm.
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cladding when the temperature varied from 15 to 55°C. The
main design parameters of the silicon MZI are 360 pm for L,
1350 nm for w1, and 350 nm for w2. Figure 3 shows TDWS of the
silicon MZI is 448 m/°C, which was reduced from +74 pm/°C of
a ring resonator included in the same chip for a comparison. The
normalized transmissions can be regarded as the insertion loss
of the silicon MZI, because they were calculated by subtracting
the amount of fiber-to-fiber transmission of a straight silicon
waveguide from the amount of fiber-to-fiber transmission of the
silicon MZI device. Figure 3 shows that the insertion loss through
the silicon MZI is negligibly small.

Figure 4 shows normalized transmission spectra of a silicon
MZI, whose design is the same as in Figure 3 but with a titania
cladding instead of the silica cladding, when the temperature
varied from 25 to 35°C. Figure 4 shows TDWS of the silicon MZI
is intensified with opposite sign by the titania cladding as high as
—340 pm/°C, which is about seven times bigger than the TDWS of
the same design of MZI with a silica cladding and five times bigger
than the TDWS of the ring resonator with a silica cladding.

Figure 5 shows the relative wavelength shift of various MZIs
with silica or titania cladding in this experiment compared to the
TDWS of the ring resonator with the silica cladding. The radius of
the ring resonator with the silica cladding was 5 um and TDWS
of the ring resonator was measured at +74 pm/°C as in Figure 6.
TDWS of a silicon MZI with the same cross-section dimension
of 450 nm and titania cladding was measured as +18 pm/°C as
in Figure 5. TDWS of another titania-covered silicon MZI with
1350 nm for w1, 450 nm for w2, and 110 um for L was measured
as —70 pm/°C as in Figure 5.

Discussion

The experimental results show that we can adjust TDWS of the
titania-covered silicon MZIs with proper design and can inten-
sify the temperature sensitivity highly enough to be useful in
applications requiring an ultrahigh temperature sensitivity such
as thermo-optic tuning devices or photonic temperature sensors.
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FIGURE 4 | Normalized transmission spectra of MZI with titania
cladding as the temperature varied from 25 to 35°C when L =360 um,
w1 =1350 nm, and w2 =350 nm.

The input and output fibers are coupled to the silicon waveg-
uide through grating couplers with the pitch of 630 nm. The fiber
was coupled at the vertical angle of 10° for the waveguide with
silica cladding and 15° for the waveguide with titania cladding.
There was not a big difference in the coupling loss of the grating
couplers for the silica cladding and titania cladding. It was about
5 dB/facet for the silica cladding and 5.5 dB/facet for the titania
cladding. The slightly excessive loss of the grating coupler in case
of titania cladding is expected to be reduced by optimizing the
design of gratings or the thickness of titania if it is required. The
normalized transmission in Figures 3 and 4 were calculated by
subtracting the amount of fiber-to-fiber transmission of a straight
silicon waveguide from the amount of fiber-to-fiber transmission
of the silicon MZI device for each case of silica cladding and titania
cladding, respectively. So, the normalized transmission spectra
show the insertion loss of MZI compared to a straight waveguide.

The refractive index of titania cladding was measured using
ellipsometry as 2.13 at 1550 nm, and TOC of titania film was
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FIGURE 5 | Relative wavelength shift depending on temperature of
MZI with silica and titania cladding, respectively, in comparison with
+74 pm/°C or a ring resonator with silica cladding. w350 and w450 are
for 350 and 450 nm width, respectively, of the MZI narrow arm. L110 and
360 are for 110 and 360 um length, respectively, of the MZI arm.
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FIGURE 6 | Normalized transmission spectra of the ring resonator with
silica cladding mentioned in Figure 5, as the temperature varied from
15 to 55°C.
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not directly measured but estimated from —5 to —7 x 107*/°C
by the measured TDWS of a ring resonator with titania cladding
as in reference Lee (2014). The absolute value of TOC of titania
is several times higher than TOC of silicon or polymer, and
that is the reason we used it as highly negative thermo-optic
cladding in this experiment. The reason for the highly negative
TOC of the titania cladding and the variation of TOC is not fully
understood yet, and finding the reason remains for our future
research.

Conclusion

We experimentally showed that TDWS of a silicon MZI can
be reduced or intensified by proper design of the width and
length of arms of MZI when it is used with a highly negative
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