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Design and fabrication of a 2 × 2 two-mode interference (TMI) coupler based on-chip polarization splitter is pre-
sented. By changing the angle between the access waveguides, one can tune the effective TMI length for the mode
with less optical confinement (transverse magnetic, TM) to coincide with the target TMI length for a desired trans-
mission of the mode with higher optical confinement (transverse electric, TE). The fabricated 0:94 μm long 2 × 2 TMI
splits the input power into TM (bar) and TE (cross) outputs with splitting ratio over 15dB over 50nm bandwidth.
Fabrication tolerance analysis shows that the device is tolerant to fabrication errors as large as 60nm. © 2011
Optical Society of America
OCIS codes: 130.3120, 130.2790.

On-chippolarization splitters (PSs)arekeycomponentsof
integrated photonic circuits that consist of polarization-
dependent devices [1]. Interference-based passive PSs
provide low-loss operation and high polarization splitting
ratio (SR) and can be designed for single etch step fabrica-
tion [2].The interference-basedPSs thathavebeendemon-
strated thus far utilize either directional couplers [2,3] or
multimode-interference couplers (MMIs) [4,5].
Symmetric directional coupler based PSs can be shor-

tened (∼100 μm)by reducing the gap between the coupled
waveguides [3]. However, this also degrades the device
fabrication tolerance and potentially lowers its SR. Non-
symmetric directional couplers can be designed to allow
only one of the modes (TE or TM) to couple out of the in-
put waveguide. The device fabrication tolerance can be
improved by waveguide tapering [2]. However, this tech-
nique assumes linear design conditions that require rela-
tively large gaps and thus, due to long coupling lengths,
the resulting devices are ∼1500 μm long [2].
In MMI based PSs, TM and TE polarizations can be split

into different bar or cross states using the difference in
their self-imaging beat-lengths, Lπ ¼ π=ðβ0 − β1Þ, where
βn is the nth mode propagation constant supported by
the multimode section [6]. In order to avoid long MMIs
due to small beat-length differences of TM and TE polar-
izations, the required MMI length can be shortened by use
of four-mode interference couplers [4], and further by use
of two-mode interference (TMI) couplers [5].
In order for a TMI to function as a polarization splitter,

the TMI length (LTMI) is chosen to be simultaneously
equal to an odd (even) multiple of Lπ for the TE polariza-
tion (LTE

π ) and an even (odd) multiple of Lπ for the TM
polarization (LTM

π ). A PS device on silicon-on-insulator
(SOI) with LTMI (not including the access waveguides)
as short as 8:8 μm has been demonstrated [5]. However,
the resulting TMI is still several beat-lengths long. Since
the fabrication tolerance and optical bandwidth of MMI
devices are inversely proportional to their length [7], it is
beneficial to reduce the TMI length to its absolute mini-
mum, one beat-length. In this Letter, we report the design
and fabrication of a one-beat-length long TMI based PS.

A schematic of the proposed TMI based PS on SOI is
shown in Fig. 1(a). The thicknesses of the oxide and top
silicon layers (h) are 3 μm and 230 nm, respectively. A
TMI width 800 nm < WTMI < 950 nm supports only two
TE and two TM modes, suitable for TMI operation [8].
The input/output access waveguide width is Ww ¼
WTMI=2. For a TMI, the output power at port 3 and 4
normalized to input power at port 1 (port 2 is idle) is
given as P3=P1 ¼ sin2ðπLTMI=2Lπ þ φÞ and P4=P1 ¼ cos2

ðπLTMI=2Lπ þ φÞ, where, the phase term, φ, is deter-
mined by the coupling between the two access wave-
guides at the input and output. Assuming fixed h,
only WTMI and LTMI have been thus far considered as the
design parameters while the effect of φ on the device
operation has been ignored.

Assuming WTMI ¼ 900 nm, h ¼ 230 nm, and wave-
length, λ ¼ 1550 nm, we simulate the device in Fig. 1(a)
using the full vectorial eigenmode decomposition-based
complex film mode matching (FMM) solver (with 60 1D
modes) of the FIMMPROPmodule. Figure 1(b) shows the
variations of power splitting ratio, P4=P3 and P3=P4, ver-
sus LTMI for input TE and TM polarizations, respectively.
One notes that φ depends on both polarization and the
angle between the access waveguides, θ. Also, for a
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Fig. 1. (Color online) (a) Schematic of the polarization splitter
device. (b) Variations of P4/P3 and P3/P4 for input TE (solid red
line) and TM (dashed blue line) polarized light, respectively, at
different θ values, for WTMI ¼ 900nm and h ¼ 230 nm at
λ ¼ 1550nm.
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TM-polarized input, a change in θ has a considerably
large effect on φ. This is not surprising, as the TM mode
supported by the access waveguides is much less con-
fined compared to the TE mode. Thus, for a TM input,
the coupling between the two access waveguides is con-
siderably stronger resulting in an effectively larger LTMI
that is more sensitive to θ than that for a TE input. Since
the power splitting ratio changes much slowly with θ for
a TE-polarized input, the easily tunable θ can be used as a
reliable design parameter for tuning the output SR.
Figure 1(b) shows that at θ ¼ 7:4° and LTMI ¼ 0:94 μm,

the 2 × 2 PS device operates in the cross and bar states
for TE- and TM-polarized inputs, respectively. Note that
LTMI ¼ 0:94 μm is shorter than both LTE

π ¼ 1:80 μm and
LTM
π ¼ 2:31 μm. Figure 2 shows the field propagation

through this device from finite-difference time-domain
(FDTD) (RSoft™) simulations, which indicate that at
θ ¼ 7:4°, LTMI ¼ 0:94 μm effectively corresponds to 2LTM

π
and 1LTE

π . SR values for TE and TM inputs are P4=P3 ¼
19:4 dB and P3=P4 ¼ 18:6 dB, respectively. Insertion loss
values for TE and TM inputs are P3=P1 ¼ −0:25 dB and
P4=P1 ¼ −0:35 dB, respectively.
Based on our simulation results the device perfor-

mance becomes independent of the input/output access
waveguide length when they are longer than 6:5 μm.
Thus, the total device length, including the input/output
access waveguides, is 13:94 μm. Ultracompact directional
coupler based PSs with similar dimensions have been re-
ported [9,10]. As discussed before, the fabrication toler-
ance remains an issue for short directional couplers with
small gap sizes. In order to investigate the proposed PS
fabrication tolerance, we assume that the fabrication er-
rors appear as changes in waveguide width (ΔW) [2].
The device layout changes due toΔW < 0 andΔW > 0

are depicted in Fig. 3(a) inset. AΔW < 0 does not change
the TMI length while widening the gap between the ac-
cess waveguides. When the waveguide width increases
(ΔW > 0), one can imagine that the effective TMI length
increases but the effective gap between the access wave-
guides is just shifted away from the original TMI.
Variations of insertion loss and SR with ΔW for TE-

and TM-polarized inputs are shown in Figs. 3(a) and 3(b),
respectively. TM mode propagation in the access wave-
guides is near the mode cutoff, and a reduction in the
waveguide width (ΔW < 0) results in a significantly less
confined modal field. Thus, in the case of TM input, the
effect of wider gap due toΔW < 0 is compensated by the
stronger coupling between the more spread-out modal
fields. As the coupling at the access waveguides does
not play a significant role for TE polarization, the PS

device is tolerant to ΔW < 0 for both TE and TM
polarizations.

On the other hand, a ΔW > 0 effectively increases the
TMI length as ΔL ¼ ΔW= sinðθ=2Þ ¼ 15:5ΔW . In other
words, ΔL=L ≈ 15ΔW=W . Note that for the self-imaging
process in the TMI to be tolerant to small changes in the
TMI width, the changes in the (effective) TMI length must
satisfyΔL=L ¼ 2ΔW=W [7]. Therefore, the large changes
in the MMI length rapidly degrade the TMI performance
forΔW > 10 nm, for both TE- and TM-polarized inputs in
a similar way. Note that for ΔW < 0, the device fabrica-
tion tolerance is comparable to that of a tapered asym-
metric directional coupler, which is nearly 500 times
larger [2].

To benefit from tolerance to ΔW < 0, we choose a
fabrication process with a possible shrinkage in the
waveguide width. ForΔW < 0, the minimum distance be-
tween the access waveguides on each side is given as
ΔW cosðθÞ. For ΔW < 0, the tip shape between the ac-
cess waveguides is blunt and does not introduce fabrica-
tion difficulties. The PS device is fabricated on Soitec SOI
wafers consisting of three micron thick silicon dioxide
and 250 nm thick top silicon device layer. The top silicon
layer is oxidized to create a 45 nm top silicon dioxide
layer, which serves as a hard mask in the silicon etch
process.

Fig. 2. (Color online) FDTD Propagation field profiles for TE
(Ex) and TM (Hx) input polarizations for θ ¼ 7:4°, LTMI ¼
940nm, WTMI ¼ 900nm, and h ¼ 230 nm at λ ¼ 1550 nm.
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Fig. 3. (Color online) Variations of (a) insertion loss and
(b) polarization splitting ratio as functions of deviation in the
waveguide width for input TE and TM polarizations. The inset
of (a) shows a PS layout affected by ΔW < 0 (dashed red) and
ΔW > 0 (dotted black).

Fig. 4. (Color online) (a) Microscope and (b) SEM images
of the fabricated PS device. Top-down IR pictures of the PS
outputs for (c) TE and (d) TM polarized inputs.
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The oxidation process consumes 20 nm of the top sili-
con layer and results in a final 230 nm silicon layer. The
top oxide layer is patterned using electron beam lithogra-
phy and CHF3/O2 plasma based reactive ion etching
(RIE). The pattern is then transferred to the silicon layer
underneath by HBr/Cl2 based RIE. In addition to a small
etch undercut, due to the E-beam proximity effect, the
area of the exposed positive resist (ZEP520) expands
a little bit resulting in narrowing of the unetched areas
of the top silicon layer. Overall, with this fabrication pro-
cess, ΔW < 0 is expected. Microscope and SEM images
of the fabricated PS are shown in Fig. 4. Top-down SEM
measurements indicate a final ΔW ¼ −20 nm.
The PSs are tested on a Newport six-axis autoaligning

station. A broadband amplified spontaneous emission
(ASE) source output light, covering 1520 ∼ 1620 nm, is
TE- or TM-polarized with an extinction ratio of over
30dB and butt coupled into/out of the input/output wave-
guide facets through a polarization maintaining lensed fi-
ber. Top-down IR pictures of the outputs at the chip edge
with TE- and TM-polarized input excitations are shown
in Fig. 4.
Figure 5 shows the spectra of normalized output power

measured at Port 3 and Port 4, for TE and TM input
excitations at Port 1. The results indicate polarization
splitting ratios of P4=P3 ¼ 18:2dB and P3=P4 ¼
16:8 dB, respectively, for the TE- and TM-polarized in-
puts at λ ¼ 1550 nm. The splitting ratio remains better
than 15 dB over a 70 nm bandwidth for the TE-polarized
input and over 50 nm bandwidth for the TM-polarized
input. The TE and TM propagation losses in a fabri-
cated 450 nm × 230 nm waveguide are estimated to be
7:5dB=cm and 16:3 dB=cm, respectively, using a cutback
technique, at λ ¼ 1550. In order to accurately esti-
mate the device insertion loss, while excluding the input/
output fiber/waveguide coupling loss and propagation

losses in the access waveguides, we compare the trans-
mission through two-stage cascaded TMIs with the trans-
mission through a single TMI for each polarization. A
narrowband laser (λ ¼ 1550) is used for insertion loss
measurements. Our results indicate that the insertion
loss is 0:8 dB for the TE-polarized input and 1:7 dB for
the TM-polarized input.

In summary, we presented the design and fabrication
of a TMI based PS, for which the length of the TMI sec-
tion is reduced to less than a single beat-length of the TE
mode. While the device performance is sensitive to the
angle between the two input/output access waveguides,
the device is rather tolerant to width variations (shrink-
age) in the TMI and the access waveguides. To the best of
our knowledge, this TMI is the most compact and largest
bandwidth self-imaging device demonstrated so far.

This research is supported by the multidisciplinary
university research initiative (MURI) program through
the United States Air Force Office of Scientific Research
(USAFOSR), contract no. FA 9550-08-1-0394.
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Fig. 5. (Color online) Normalized output transmission spectra
at P3 (dashed blue) and P4 (solid green) for TE and TM input
excitations at P1. Data is normalized to the measured ASE out-
put spectrum.
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