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Athermalizing and Trimming of Slotted Silicon
Microring Resonators With UV-Sensitive
PMMA Upper-Cladding

Linjie Zhou, Katsunari Okamoto, Fellow, IEEE, and S. J. B. Yoo, Fellow, IEEE

Abstract—This letter experimentally demonstrates significant
reduction in the resonance thermal sensitivity of the slotted
silicon microring resonators by exploiting polymethyl methacry-
late (PMMA) as upper-cladding. We investigate the resonance
temperature dependence on the slot width with and without
PMMA upper-cladding. The experimental results show that
the temperature dependence is reduced from 91 pm/°C for a
regular microring resonator to 27 pm/°C for the PMMA-clad
slotted microring resonator. The ultraviolet (UV) sensitive PMMA
upper-cladding also allows the resonance wavelengths of slotted
microring resonators shift by 0.5 nm under UV light trimming.
With the demonstrated schemes, each individual optical compo-
nent can be athermalized and precisely registered to standard
wavelengths for a future multiwavelength optically interconnected
computing system-on-a-chip.

Index Terms—Integrated photonic devices, microring res-
onators, silicon photonics, slotted waveguides, wavelength-division
multiplexing.

I. INTRODUCTION

PTICAL interconnects can offer ultrahigh throughput,

minimal access latency, and low-power dissipation that
remains independent of capacity and distance [1]. Recent ad-
vances of the silicon photonics technologies [2], [3] indicate
that optical interconnects based on submicrometer-scale silicon
waveguides are a viable alternative to the conventional elec-
trical interconnects in resolving the bandwidth and power bot-
tleneck. The complementary metal oxide semiconductor com-
patibility of such photonic interconnects is also an exciting op-
portunity for realizing wavelength-division-multiplexing-based
multicore computing system-on-a-chip where concurrency and
parallelism are mapped onto multiwavelengths. However, the
large thermo-optic (TO) coef cient of the silicon material dic-
tates that even small ambient temperature variations will cause
signi cant changes in its refractive index, resulting in signi -
cant deterioration of the performance of photonic devices and
systems. In particular, high-Q) microring resonators, one of the
most attractive building blocks for optical interconnection, are

Manuscript received December 23, 2008; revised March 25, 2009. First pub-
lished June 02, 2009; current version published August 12, 2009. This work was
substantially supported by the Center for Information Technology in the Interest
of Society (CITRIS) seed funds #03-34PICOB.

The authors are with the Department of Electrical and Computer Engineering,
University of California, Davis, CA 95616 USA (e-mail: shyoo@ucdavis.edu).

Color versions of one or more of the gures in this letter are available online
at http://ieeexplore.ieee.org.

Digital Object Identi er 10.1109/LPT.2009.2023522

extremely sensitive to the temperature variation. A 1 °C temper-
ature change can shift the resonance wavelength of ~0.1 nm,
which is in the same order as the resonance linewidth of the mi-
croring devices.

In order to control the resonance wavelengths, p-i-n diodes [4]
and microthermal heaters [5] are introduced as tuning elements.
Yet these active tunings are at the expense of extra power con-
sumptions and additional control complexity that can couple to
possibly induce chaotic thermal oscillation.

In this letter, we present slotted microring resonators
upper-clad with polymethyl methacrylate (PMMA) to reduce
the thermal sensitivity. With properly design, slotted waveg-
uides have only one symmetrical mode and thus can be regarded
as single-mode waveguides. The slotted waveguides have the
unique feature that the electrical eld is highly enhanced in the
slot region for transverse-electric (TE) polarization (electric

eld parallel with the chip plane) and thus can interact more
strongly with the PMMA lled inside the slot [6], [7]. PMMA
has the opposite TO coef cient compared to the silicon mate-
rial, and thus by proper design, the effective index of the slotted
waveguides can be independent of temperature, such that the
resonances can be maintained steady under temperature vari-
ations [8] [10]. Another advantage of using PMMA cladding
is that the resonant wavelengths can be trimmed by ultraviolet
(UV) illumination on the PMMA layer, so that accurate wave-
length registration of the athermal silicon microring resonator
becomes possible.

Il. DEVICE FABRICATION

The slotted microring resonator devices were fabricated using
a silicon-on-insulator wafer with top silicon layer thickness of
0.26 um and buried oxide layer thickness of 2 um. The wafer
was rst coated with negative e-beam resist Microchem Corp.
Ma-N 2403 with a thickness of ~0.35 pm and then exposed
using Raith 150 e-beam lithography system with exposure dose
of 80 uC/cm? at 20 kV acceleration voltage. The device pat-
tern was transferred onto the silicon layer using HBr Cl, gas-
based reactive-ion-etching in a transformer coupled plasma lam
etcher. The dry etched depth is ~0.24 xm and a 20-nm-thin sil-
icon layer remains as the slab region.

Fig. 1(a) shows the scanning electron microscope (SEM)
image of the fabricated slotted microring resonator. The mi-
croring resonator radius is 5 pm. The slotted waveguide width
is 0.5 um with a thin slot in the waveguide center. The gap
between the mirroring resonator and straight waveguide is
0.15 um. Note that slotted waveguides are used for both the
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Fig. 1. (a) SEM image of a slotted microring resonator. Microring resonator
radiusis5 m. (b) (d) Zoom-in SEM images of the slotted waveguide cross-
section with various slot widths of (a) 100, (b) 120, and (c) 140 nm. Waveguide
width is xed at 0.5 m.

straight waveguide and microring resonator waveguide for
phase-matched coupling between them. Fig. 1(b) (d) shows
the zoom-in views of the slotted waveguide cross-sections
with three different slot widths of 100, 120, and 140 nm. As
the waveguide width is xed at 0.5 um, the two silicon strips
composing the slotted waveguide are narrowed for the wider
slot.

I1l. EXPERIMENTAL RESULTS AND ANALYSIS

We used lensed ber (~2.5-um spot size) for the slotted
waveguide input and output coupling. Coupling loss per facet
is ~15 dB, relatively high due to the mode mismatch between
the ber and slotted waveguide, which yet can be improved
by using strip-to-slot waveguide transformers [11] and inverter
tapers [12]. The waveguide propagation loss we measured is
~5 dB/mm, mainly coming from sidewall roughness induced
scattering loss.

To investigate the resonance temperature dependence,
we used a thermo-electric cooler to set the device substrate
temperature. We rst characterized the resonance shift upon
temperature change for the devices without any upper cladding
(air cladding), and then coated the devices with a layer of
PMMA and repeated the measurement for their temperature
responses.

Figs. 2(a) and 4(b) show the resonance shift under various
temperatures with air cladding and PMMA cladding for the
slotted microring resonator with 140-nm slot. For air cladding,
the slotted microring resonator has a resonance quality-factor
(Q-factor) of ~800 and extinction ratio of ~9 dB, from which
we deduce that the round trip loss is ~0.3 dB, corresponding to
10-dB/mm propagation loss in the ring. When the temperature
increases, the resonances experience redshift as expected, since
the microring resonator composition materials silicon and silica
both have positive thermal coef cients (4 x 0~* for silicon
and 0 x 07 for silica). With PMMA cladding, the Q-factor
increases to ~1700 and extinction ratio decreases to ~6 dB.
Lower refractive index contrast can essentially reduce the scat-
tering loss. Lower internal loss and higher coupling also make
the device work towards over-coupling regime, hence lowering
the resonance extinction ratio. In contrast to the air-clad case,
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Fig. 2. Measured TE-polarized transmission spectra of the slotted microring
resonator with (a) air-cladding and (b) PMMA-cladding at various temperatures.
The slot width is 140 nm.
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Fig. 3. Resonance shift varies as a function of substrate temperature for the
slotted and regular (no slot) microring resonator devices with (a) air-cladding
and (b) PMMA-cladding. Straight lines are the linear tting.

the resonance experiences a continuous blueshift because the
negative thermal coef cient material PMMA (thermal coef -
cient —  x 0~%) over-compensates the device.

We compared the resonance shift temperature sensitivity
for various slot widths. Fig. 3(a) and (b) shows the resonance
shift as a function of substrate temperature with air cladding
and PMMA cladding. The resonance shift curves for a regular
microring resonator (no slot) are also included as a comparison.
For the air cladding, the regular microring resonator has the
highest thermal sensitivity of 92 pm/°C, and the slotted mi-
croring with 100-nm slot has the lowest thermal sensitivity of
48 pm/°C, nearly half of that of the regular microring resonator.
The slotted microring resonators with wider slots (120 and
140 nm) have a slightly higher thermal sensitivity, implying
that less optical eld is concentrated in the air region compared
with 100-nm slot device.

For the PMMA cladding, the regular microring resonator
still has the highest thermal sensitivity of 76 pm/°C and the
slotted microring resonator with 100-nm slot also has the lowest
thermal sensitivity of 27 pm/°C. Both the slotted microring
resonators with 120 and 140 nm have negative TO coef cients,
which indicate that their thermal coef cients for the waveguides
are over-compensated by PMMA upper cladding in both cases.

In order to further explore the waveguide thermal sensi-
tivity, we also used a nite difference method to numerically
calculate the effective index and get its temperature variation

as a function of slot width and slab thickness, as
shown in Fig. 4(a). Fig. 4(b) and (c) shows the waveguide mode
pro le for various slot widths and slab thicknesses. Waveg-
uides with smaller bending radii had their waveguide optical
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