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Abstract: Athermal silicon ring resonators are experimentally
demonstrated by overlaying a polymer cladding on narrowed silicon
wires. The ideal width to achieve athermal condition for the TE mode of
220nm-height SOI waveguides is found to be around 350nm. After
overlaying a polymer layer, the wavelength temperature dependence of
the silicon ring resonator is reduced to less than 5 pm/°C, almost eleven
times less than that of normal silicon waveguides. The optical loss of a
350-nm bent waveguide (with a radius of 15um) is extracted from the ring
transmission spectrum. The scattering loss is reduced to an acceptable
level of about 50dB/cm after overlaying a polymer cladding.
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1. Introduction

Modern telecommunication and biomedical engineering demand for compact multifunctional
photonic circuits with low cost, good performance and high reliability. Silicon photonic
integrated circuits with a high index contrast promise to meet this criterion by mature CMOS
fabrication technology. The future roadmap is to integrate sensing functions, photonic
functions, electronic functions and thermal control elements on one single chip. However,
since silicon has a quite large thermo-optic coefficient (dn/dT=1.8 x 10/°C), external heaters
or coolers have to be employed to stabilize the chip temperature. This element takes extra
space and consumes extra power.

There are a number of ways to achieve athermal devices by designing specific
waveguides circuits [1-3]. Among those methods, the simplest and applicable to most devices
(e.g. ring resonator, Mach-Zehnder interferometer, Arrayed Waveguides Grating etc.) is to
overlay a polymer cladding on the circuit and use the polymer’s negative thermo-optic (TO)
coefficient to counterbalance the waveguide core’s positive TO coefficient. Temperature
independent silica based Add-Drop filters and AWGs have been successfully demonstrated by
overlaying a polymer cladding in the past few years [2, 4]. The biggest obstacle in using this
method for silicon waveguides is that silicon has a quite large thermo-optic coefficient, of the
same order of magnitude as for the polymer material (10%/°C) and almost twenty times larger
than that of silica. This requires almost half of the light to penetrate out of the silicon core into
the polymer cladding to achieve the athermal condition.

Recently, some groups experimentally demonstrated the possibility of achieving
athermal silicon waveguides by using this method [5-9]. In order to have more light into the
polymer cladding, the dimension of the silicon waveguides is highly reduced either by
narrowing the core width [5, 9] or by thinning the core height [7], or by using a slot
waveguide structure[6, 8]. Narrowed waveguides and slot waveguides impose big challenges
for fabrication. E-beam writing is employed in [5, 6, 8] and results in large losses. Inaccurate
control of the narrowed waveguide width or slot width seems unsatisfactory for athermal
condition of silicon waveguides. E-beam writing itself is also less efficient for mass
fabrication.

In this paper, we successfully achieve athermal silicon ring resonators by overlaying a
polymer PSQ-LH cladding on uniform narrowed silicon waveguides. The ideal width for
athermal silicon waveguides (with a height of 220nm) is found to be around 350nm. The
wavelength temperature shift of the silicon ring resonator is reduced to less than 5 pm/°C. The
athermal ring resonators have lower loss than other proposed athermal rings.
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2. Theoretical analysis

In 1993, Y. Kokubun et al first proposed to achieve the athermal waveguides by overlaying a
polymer cladding on silica waveguides [10]. Later an athermal optical filter was successfully
achieved by this method [2, 11]. The principle of that technique is quite simple: to use the
polymer’s negative TO coefficient to compensate silica’s positive TO coefficient. This
method is applicable to most passive devices; e.g. Fabry-Perot resonators, DBR filters, Mach-

Zehnder interferometers and arrayed waveguides gratings (AWG).
Taking the ring resonator as an example, the temperature dependence of the resonance
wavelength can be expressed as follows [2, 11],
da, 1 dS_ 4,

o A 1 M
ar L arw, e

where lm is the resonant wavelength; n. is effective index of the waveguide; S is the optical

dneﬁ y)

length defined as S =n i L5 Oy is the substrate expansion coefficient; n,is the group index

of the waveguide. For silicon optical waveguides, the dispersion effect has to be considered
when calculating the shift of the resonance wavelength.

The athermal condition is achieved when Eq. (1) equals to zero. Normally silicon is used
as substrate and the thermal expansion coefficient of Si is on the order of 10°¢ [2, 11] (o=
2.6 X 10"6/°C); dn./dT depends on the thermo-optic coefficient of the core material and
cladding material. For highly confined waveguide, dn./dT is of the same order as the TO
coefficient of the core material: TO_silica=1x 10°/°C [2, 11]; TO_silicon=1.8 X 10*/°C [12,
13]. As the TO coefficient of polymer material is of the order of —(1~3)x 10*/°C, athermal
silica waveguides can be easily achieved with only a little fraction of light penetrating out of
the core while athermal silicon waveguides require almost half of the light out of the core.

To obtain athermal silicon waveguides, the dimension of the silicon waveguide should be
highly reduced to allow more light coming out of the core waveguides. In this paper, a
standard SOI (silicon on insulator) structure with a height of 220nm is used for designing the
athermal waveguides (Fig. 1). Polymer PSQ-LH with a large TO coefficient of -2.4 X 10™*/°C
and low loss at 1550nm is chosen as the cladding material[14]. By using Eq.(1), dA,/dT of the
TE mode for different widths of the SOI waveguide is calculated (Fig.2) by FIMMWAVE
(©PhotonDesign Ltd). The value of dn./dT of SOI straight waveguide is used for calculation
instead of that of bent SOI waveguide. The calculation show that there’s almost no difference
between both values of dn./dT. The index and TO coefficient of silicon is set as 3.4757
(20°C) and 1.8% 10’4/°C[12, 13]. The index of silica and polymer PSQ-LH is set as 1.444
(20°C) and 1.515 (20°C). As shown in Fig.2, the dA,/dT of standard 500nm width SOI
waveguides with a polymer-cald is near to +60pm/°C; by narrowing the width of SOI
waveguides, dA,/dT is reduced to zero and then becomes negative. From the theoretical
calculation results, the ideal width for athermal silicon waveguide is around 306nm (Fig.2).
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Fig. 1. SOI waveguide cross-section structure

80 - .
70 -
60
50
40
30
20
10
0

0 306nm
20 [
o * dudT

40 | Polynomial Fit ofd2/dT o
. L

da/dT (pm/°C)

-50250 3$ﬂ 3;0 460 450 500
Width (nm)
Fig. 2. Calculated wavelength temperature dependence of TE mode for SOI waveguides with a
polymer overlay as a function of waveguide widths

3. Fabrication and measurement results
3.1 Waveguides fabrication

As shown in Fig. 2, athermal SOI waveguides are achieved when a relatively small waveguide
core width is used. And the temperature dependence of the resonance wavelength (for ring
resonators) becomes more sensitive to the waveguide core width as the core width decreases.
Therefore, high quality, high resolution fabrication technologies are required for these narrow
silicon waveguides. The narrow SOI waveguides in this paper are fabricated by deep UV
lithography with standard CMOS fabrication technology [15, 16]. This technology offers both
the required resolution and the throughput for commercial application.

The SOI wafer with a silicon thickness of 220nm and a oxide layer of 2um is used for
this work (Fig. 1). Simple racetrack ring resonators with different waveguide widths are
designed and fabricated. Referring to the theoretical calculation results mentioned above, the
ideal width for the athermal waveguides is around 306nm. So ring resonators with a narrow
width of 300nm and 350nm are designed on the mask. The waveguide width can be adjusted a
little by varying the exposure dose when doing deep UV lithography[15, 16]. The SEM
pictures of the fabricated ring resonators are shown in Fig. 3. The racetrack ring resonators are
designed with different radius, a coupling length of 2pm, and a gap of 180nm.
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Fig. 3. SEM pictures of fabricated ring resonators with a width of 350nm (a) the whole ring (b)
the coupling region

3.2 Measurement results

To couple light in and out of the silicon wires from a single mode fiber, shallow etched
(70nm) gratings are fabricated near the edge of each waveguides[15-17]. This kind of grating
has polarization selectivity and therefore the transmission spectrum measured below are all
for TE mode polarization. A broadband infrared light source SLED (super-luminescent light-
emitting diode) and spectrum analyzer (Agilent 86140B) are used for the characterization of
the transmission spectrum of the ring resonator. To measure the transmission spectrum at
different temperatures, the sample is mounted on a heating system to accurately control the
chip temperature. Fig.4 shows the measured transmission spectrum of a ring resonator
(Width=350nm, Gap=180nm, L=2pum, R=15um) for temperatures from 10°C to 50°C with an
interval of 10°C. By linear fitting of one resonance wavelength at different temperatures, the
wavelength temperature dependence dA\/dT is extracted (Fig.4(b)(d)). As shown in Fig.4, the
wavelength temperature dependence of the 350nm-width ring resonator is reduced from
54.2pm/°C to -4.9pm/°C after overlaying a polymer PSQ-LH cladding. The ideal width for the
athermal ring resonator is found to be around 350nm, a little different from the theoretically
calculated value of 306nm.

It has to be pointed out that the value dA\/dT, which is calculated from the linear fitting of
the data, is not an absolute value. The spectrum analyzer resolution, temperature measurement
range, the numbers of the data taking into account for linear fitting all have some influence on
the value of dA/dT, especially when the waveguide width is near the athermal condition and
the d\/dT slope is quite small. Measurements have been done repeatedly and the results are
reproducible. A conclusion can be drawn that the wavelength temperature dependence of
silicon ring resonator can be reduced to less than 5 pm/°C after deposition of a polymer
cladding, almost eleven times less than that of normal silicon waveguides.
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3.3 Loss estimation

Reducing the silicon waveguide width imposes a big challenge on fabrication technology. The
extent to which the waveguide width can be reduced is compromised by the scattering loss
caused by fabrication technology. The loss of the silicon wires increases exponentially when
the waveguide width decreases [15, 16, 18]: from 2.4dB/cm for a 500nm-wire, over 7.4dB/cm
for a 450nm-wire, to 34dB/cm for a 400nm-wire. Recently, the loss rate of 450nm-silicon
waveguides has been reduced down to be about 3dB/cm [19].

The optical loss of the 350nm-ring waveguide is estimated by fitting the transmission
spectrum of the ring resonator. Figure 5 shows the transmission spectrum of the ring resonator
(Width=350nm, Gap=180nm, L=2pm, R=15um) at room temperature before and after
overlaying a polymer cladding.

By fitting of the spectrum with a Lorenz-function in Fig. 5, the total loss of the bending
waveguides and the coupling coefficient are extracted. An interesting phenomenon is found.
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Fig. 4. (a) Transmission spectrum of a ring resonator with width of 350nm at different
temperatures before overlaying a polymer cladding (b) Linear fit of the wavelength versus
temperatures (c) Transmission spectrum of a ring resonator with width of 350nm at different
temperatures after overlaying a polymer cladding (d) Linear fit of the wavelengths versus
temperatures (Width=350nm, Gap=180nm, L=2pm, R=15um)

For the width of 350nm and a ring radius of 15um, the fitted total loss of the bending
waveguide is about 300dB/cm before overlaying a polymer cladding. After overlaying a
polymer cladding, the fitted total loss is reduced to about 50dB/cm, which is the same order as
for a 450nm width and a Spm ring radius [18]. The reduced loss of the bending waveguides is
due to a reduction of the scattering loss for a decrease of the index contrast between the core
and the cladding after overlaying a polymer cladding.

The coupling coefficient (the power percentage coupled to the ring) between the ring
and the straight waveguides is increased from 50% to 75% after a polymer cladding (Fig. 5).
Since our aim is to test thermal behavior of the ring resonator, the coupling between the ring
and the straight waveguide has not been optimized. The Q factor of the ring should decrease
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as the coupling power increases. Contrarily, the Q factor has significantly increased after
overlaying a polymer cladding (Fig. 5), which also indicates a loss reduction after overlaying
a polymer cladding.

In addition, the athermalization method proposed here is also applicable to multipath
interferometric devices, like MZ interferometers and AWG. Simple athermal MZ
interferometers with a waveguide width of 350nm have also been achieved by this method.
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Fig. 5. Transmission spectrum of ring resonator with width of 350nm at room temperature (a)
Before overlaying a polymer cladding (b) After overlaying a polymer cladding (With a black
line for the Through port and red line for the Drop port, Ring resonator parameters:
Width=350nm, Gap=180nm, L=2pm, R=15um)

4. Conclusion

Athermal silicon ring resonators are experimentally demonstrated in this paper. Standard deep
UV lithography and dry etching are used for fabricating such silicon wires. By overlaying a
polymer layer on narrowed silicon wires, the wavelength temperature dependence of a silicon
ring resonator is reduced to less than 5 pm/°C, almost eleven times less than air-clad silicon
waveguides. The ideal width to achieve athermal condition for the TE mode of 220nm-height
SOI waveguides is found to be around 350nm.
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