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Abstract—We present a fully reconfigurable optical filter built
by cascading four identical unit cells. The devices are fabricated
using two distinct methods: a complementary metal-oxide—semi-
conductor (CMOS) compatible process utilizes deep ultraviolet
(DUYV) lithography with tuning elements defined by ion implan-
tation to make lateral p-i-n diodes for current injection regions,
while an electron beam (E-beam) lithography process uses nickel
chrome (NiCr) heaters as tuning elements. The fabricated devices
are characterized using swept optical vector network analyzer
(OVNA) coherent measurements.

Index Terms—CMOS compatible photonics, photonic reconfig-
urable filters, silicon ring resonators.

1. INTRODUCTION

ILICON photonics is a promising enabling technology for
S the future convergence of optical and electronic technolo-
gies on a single platform [1]. While optical waveguides have the
capability of handling large bitrates and transporting multiple
wavelengths at the same time [2], electronic circuits have the
advantage in complex signal processing. However, a certain set
of functions, such as filtering, correlation, multiplexing and sim-
ilar, can be performed in the optical domain [3]-[5], at high bit
rate, without involving electronics. Having a reconfigurable de-
vice that can perform several of these functions would be benefi-
cial to the implementation of optical interconnects on multicore
processors and memories. We present a lattice filter that can be
dynamically reconfigured to potentially any transfer function,
with order equal to the number of cascaded cells.

II. FULLY RECONFIGURABLE LATTICE FILTER

A lattice filter is built by cascading equal unit cells, therefore,
the versatility and operability of the filter depends on the func-
tionality of the unit cell [6], [7]. We present a highly versatile
unit cell architecture, that can be configured to have any first
order (one pole and one zero) transfer function [8], limited only
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Fig. 1. (b) Unit cell structure. (I;,I-) mark the two inputs to the cell and
(01, 02) mark the outputs; (1 — ¢g) mark the phase shifting sections. The
two unmarked phase shifting sections on the input side are not a part of the
unit cell, but would belong to the previous unit cell in the cascaded imple-
mentation. (d) Four cascaded cells. TE mode structure of the ridge waveguides
with 0.5-pem-thick silicon core: (a) 3-zm-wide waveguide, and (¢) 0.5-pm-wide
waveguide.

by the maximum pole magnitude, which is determined by the
waveguide propagation loss [9].

Fig. 1 shows the architecture of the unit cell in detail. Active
tuning elements marked ¢ to @g represent the phase shifting
sections. Since the change of phase is accompanied by a change
of loss level in the case of free carrier injection [10], the general
transfer function of the phase shifting section is:

R; = exp[(a; + j®;) Li], i = ®;L; (1)

where L; is the length of the section, «; L; is the excess gener-
ated loss, and ; is the induced phase change. Using these def-
initions, the transfer function of the unit cell is shown in equa-
tions (2a) and (2b) at the bottom of the next page, where

A(Rr,Rp) =cos’fexp (RrL) — sin’fexp (RpL) (3a)

B (Rr,Rp)=jsinfcosf (exp (RrL)+exp (RpL))
(3b)

C (Rr, Rp) =cos*fexp (RpL) — sin®f exp (RrL) .(3c)

In (3a)—(3¢c) Rt and Rp denote the complex transfer function
related to the phase shifting sections in the upper ('top’, Rr) and
lower ("bottom’, Rp) arm of the MZI’s (that is, either (o3, ©2)
or (s, p4) pair); finally, 6 is the coupling coefficient of the
directional coupler, set by the physical layer design (waveguide
geometry, separation and the length of interaction).

The essential feature of the unit cell design can be inhered
from (2b)—(2c). From the denominator, the magnitude of the
pole depends only on @2 and @3 value, while the phase of
the pole is determined solely by ¢g. From the numerator, the
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magnitude and phase of the zero are dependent on all six phases
(¢1 to pg). This means that the pole and the zero of the transfer
function can be set independently, since after setting the pole
value with (2, @3, ps) there is enough degrees of freedom
(@5, ©4, ©1) to set the value of zero. This is the key property of
the design, allowing the unit cell to have any first order transfer
function.

A lattice filter consisting of four cascaded unit cells is shown
in Fig. 1(d). Since each of the unit cells can be configured sep-
arately, the filter can have any arbitrary transfer function of the
fourth order.

III. PHYSICAL LAYER DESIGN

The device is designed for implementation on silicon-on-in-
sulator (SOI) material platform. Two types of silicon rib waveg-
uides are used: the 3.0 um wide waveguide with the effective
index of 3.263 and modal effective area of 1.028 pm? and the
0.5 pm wide waveguide with the effective index of 3.076 and
modal effective area of 0.384 pm?. Fig. 1(a) and (c) show the
modal structure of the two waveguides. The wide waveguide
shown in Fig. 1(a) has lower scattering loss due to lower con-
finement of the mode and is used for main sections of the ring
resonator to allow for high Q-factor. Using 200 pm long para-
bolic tapers, the 3.0 pym wide waveguide is tapered adiabatically
to the 0.5 pm waveguide, shown in Fig. 1(c). The narrow wave-
guide has smaller minimum bending radius, stronger evanescent
tails and smaller effective area and is therefore used for central
MZI waveguides, directional couplers and phase shifting sec-
tions. The gap of the directional coupler is 0.5 pum. To allow
for fabrication tolerances, devices with different values of direc-
tional coupler lengths (6.5 pm to 27.5 pm with 3 ym increment)
are fabricated on the same die. Ring resonator circumference is
8064 pm, providing free spectral range (FSR) of 10 GHz. All
waveguides have bending radii larger then 300 m to minimize
the bending loss.

IV. FABRICATION PROCESS

The first batch of devices was fabricated at the University of
California Microlab facility. Fabrication process starts with 6’
SOI wafers with buried oxide (BOX) layer thickness of 3 ym
and top silicon layer of 0.5 pm. First, 120 nm thick low tempera-
ture oxide (LTO) is deposited as a hard etching mask. The wave-
guide layer is defined using DUV ASML stepper 5:1 reduction
camera with 248 nm krypton fluoride (KrF) laser. After post ex-
posure bake and developing, the defined photoresist pattern is
heated to induce the photoresist reflow, reducing the roughness
of the photoresist structure by smoothing the sidewalls under
surface tension. The photoresist pattern is transferred to the hard
mask using oxide etcher (LAM2) and from the hard mask to
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Fig. 2. (a) Cross-sections of DUV and (b) E-beam fabricated devices and
(c) photographs of fabricated DUV and (d) E-beam samples. Total die sizes are
approximately 21 mm X 14 mm (DUV sample) and 50 mm X 12 mm (E-beam
sample).

the silicon layer using highly anisotropic dry etching system
(LAMS). The etching depth is 250 nm. Next, the wafers have un-
dergone wet thermal oxidation, further reducing sidewall rough-
ness remaining after dry etching. Lateral p-i-n diodes for current
tuning sections, 0.5 mm long, are defined by ion implantation.
Next, 620 nm thick LTO cladding is deposited and densified at
900°C before contact vertical via openings are etched through.
Aluminum electrodes are sputtered, followed by metal layer
photolithography, metal wet etch and forming gas annealing at
400 C. Fig. 2(c) shows the finished chip sample.

The second batch of devices was fabricated at the Cornell
University. The principal difference in the fabrication process,
compared to the DUV process, is the use of electron beam
(E-beam) writer as a lithographical tool and the utilization of
thermo-optic effect in silicon, using nichrome heaters, as the
mechanism for phase tuning. Fabricated chip sample is shown
in Fig. 2(d).

V. CHARACTERIZATION OF FABRICATED DEVICES

The device transfer function for TE polarized light in
1.55 pm band is recorded by coherent interferometric mea-
surement using the OVNA. The OVNA [11] includes a
mode-hop-free swept laser signal split into the reference arm
and the measurement arm including the device-under-test. The
balanced detection of the coupled two signals provides the
signal in the electrical domain. As Fig. 3 indicates, this allows
retrieval of the amplitude and phase information of the transfer
function s11, S12, S21 and S22 parameters. The quality factors
(Q-factors) of filters, measured from the time domain impulse
response are Qpuy = 2.7 % 10® for DUV fabricated device
and QEpeam = 8.5 * 10° for the E-beam fabricated sample.
These values correspond to waveguide losses of 2.0 dB/cm and
0.65 dB/cm, respectively. For DUV fabricated sample, with
estimated coupling loss of 7 dB/facet (using positive tapers) and

T A (Rs, R4) H B (Rs, R4) exp (RlL)
YC = | B(Rs,Ry) H C(Rs,Ry)exp(RiL)

H _ exp (RGL) (B2 (Rg, RQ) — A (R3, Rg) C (.Rg7 Rz)) + C (Rg./ Rg)

(2a)

1-A (R37 R2) exp (R(;L)

(2b)
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Fig. 3. (a) Measured amplitude (blue line) and phase (red line) of the DUV
fabricated device s11, (b) 812, (¢) s21, and (d) s22 and (e) E-beam 511, (f) s12,
(g) s21, and (h) so2 parameter. Dashed lines are fitting curves. On the right-hand
side of the plot, the respective position of the poles (blue crosses) and zeros (red
circles) within the unit circle are marked.

measured insertion loss of 42 dB, approximate loss per stage is
7 dB. For E-beam fabricated sample, with estimated coupling
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loss of 3 dB (using inverse tapers) and measured insertion loss
of 22 dB, approximate loss per stage is 4 dB.

Fig. 3 left column shows the measured curves in solid and
fitted curves in dashed lines. The right column shows pole and
zero values extracted from the curve fit. The values of poles and
zeros in many cases are equal, which, from (2b), suggests that
the initial phases of the MZI arms are equal and the splitting
ratio of the directional couplers is 50%—-50%. This reduces the
transfer function to first order as in Fig. 3(c), or almost all-pass,
zero order function, as in Fig. 3(b). After the amplitude and
phase transfer function is known and the initial values of poles
and zeros are retrieved by fitting the theoretical model to the
measured spectra, the tuning elements are engaged using pro-
grammed training sequences, while monitoring the trajectories
of poles and zeros continuously; measurements indicate that in-
jected current of 11 mA induces 27 phase shift in the active
element. This, together with the recursion algorithm, allows the
mapping of desired pole and zero positions (corresponding to
the targeted filter design) to the set of values of currents or volt-
ages applied to the tuning elements. Algorithm design for the
generation of arbitrary filters using the presented lattice filter
will be the subject of a future publication.

VI. CONCLUSION

We have designed, fabricated and characterized four cascaded
unit cell silicon lattice filters using two fabrication techniques.
Future work will focus on tuning the devices to optical filter
configurations, based on zero and pole positions.
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