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Four-port integrated polarizing beam splitter
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In this Letter, we report on the first integrated four-port polarizing beam splitter. The device operates on the prin-
ciple of mode evolution and was implemented in a silicon-on-insulator silicon photonics platform and fabricated on
a 300 mm CMOS line using 193 nm optical immersion lithography. The adiabatic transition forming of the structure
enabled over a 150 nm bandwidth from 4 ~ 1350 to 2 ~ 1500 nm, achieving a cross-talk level below —10 dB over the

entire band. © 2014 Optical Society of America
OCIS codes:

devices.
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Recently, the development of CMOS-compatible silicon
photonic platforms has been spurred by the exponen-
tially increasing demand for bandwidth within the
Internet and within the data centers that empower it.
Integrated silicon photonics [1] offer single-mode opera-
tion, unprecedented bandwidth density, and compact-
ness that can leverage Moores law scaling [2] for
off-chip communications and even within the chip
(e.g., intra-chip) communications. While communica-
tions are driving the current interest in silicon photonics,
the resulting silicon photonic platforms can be applied to
numerous problems, ranging from sensing and phased ar-
rays to microwave photonics and quantum optics, often
achieving degrees of performance that cannot be
achieved with their free-space optic counterparts [3,4].
Yet the general applicability of these platforms is deter-
mined by how extensive their component libraries are
and how easily free-space optical trains can be imple-
mented. From active components such as modulators [5],
detectors [6], and even lasers [7] to passive components
such as 3 dB couplers [8] and waveguide crossings [9],
component libraries within silicon photonics platforms
are becoming increasingly general, yet they remain in-
complete. One critical component missing from these
libraries is the polarizing beam splitter (PBS).

On account of the polarization dependence caused by
the use of high-index contrast materials such as silicon
and silicon nitride (SisN,) within silicon photonics,
polarization components were developed [10,11] and
realized [12] early on to enable polarization-independent
operation. Yet while components such as polarization
splitters [13-16], polarization rotators [17], and inte-
grated polarization splitter-rotators [18,19] have been
demonstrated on silicon platforms, an on-chip equivalent
of a free-space PBS has not previously been demon-
strated. All “so-called” PBS demonstrated so far, with
10 dB extinction bandwidths of 50, 60, 70, and 100 nm
[13-16], are in themselves polarization splitters, with only
one input and two outputs and not true four-port beam
splitters. Though devices based on directional couplers
[15,16] can, in principle, both separate and combine
polarization states, adiabatic structures do so with larger
bandwidths and fabrication tolerances [10-12].
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A true PBS requires a two-input two-output configura-
tion. Though applications for on-chip polarization-
insensitive photonic circuits and polarization multiplexing
schemes [20] generally only require the use of one-input
two-output polarization splitters, for more intricate sys-
tems such as polarization-entangled state generation,
manipulation, and detection in quantum optics [21] or
heterodyne interferometers [22], a fully functional two-
input two-output PBS is required.

In this Letter, we designed and demonstrated a broad-
band mode-evolution-based PBS implemented on a sili-
con photonics platform and fabricated on a 300 mm
silicon-on-insulator (SOI) wafer with a 220 nm device
layer, using 193 nm optical immersion lithography. The
silicon PBS; the first reported fully functional integrated
PBS (two input and two output ports), operates over a
150 nm bandwidth with less than —10 dB cross talk. Im-
portantly, this device provides a substantial addition to
the component library with immediate application to
compact on-chip interferometers and quantum informa-
tion processing.

The operation of a traditional PBS reflects the trans-
verse electric (TE) component while transmitting the
transverse magnetic (TM) field component as depicted
in Fig. 1(a), where the orientation of the field is defined
relative to the plane of incidence (i.e., plane of the page).
To realize the same functionality on-chip, we propose the
adiabatic structure depicted in Fig. 1(b). Note that in the
standard convention for waveguide optics, the TE polari-
zation is in the chip plane while TM polarization is
orthogonal to that plane. Stated otherwise, in a modal
sense, the waveguide TM super-modes remain in their re-
spective guides largely unaffected by the transition while
the TE super-modes cross waveguides.

The structure depicted in Fig. 1(b) evolves slowly
along its length. Therefore we can apply coupled local
mode theory to its operation as in [11] and repeated here
for convenience. In the weak-coupling limit, the coupling
coefficient «,,,(z) between mode m and mode n can be
expressed as

@) = 15 A n@.9.2) - €a(,4.2) ), (1)
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(a) For comparison, the operation of a traditional free-
space PBS cube is shown alongside a proposed integrated PBS
(b). Note: the TE/TM polarization convention is inverted on-
chip compared to the free-space case.

Fig. 1.

where ey (x,y,2) stands for normalized vector electric
field of mode k, 54(2) is the difference in the propagation
constants as a function of length z, w is the angular fre-
quency of the input light, £(2) is the electric permittivity
as a function of length, and A is the perturbed area. Then
the power transferred to mode m (P,,) from mode n can
be written as

K |? —
P, (2) x 2‘ %' [1 - cos(6p2)], 2

where & is the average coupling coefficient, and 5f is the
average difference in the propagation constants, ex-
pressed as k = (1/2) [¢x(2')dz’ and 66 = (1/2) [ 5p(2')dz .
In general, for an adiabatic transition, the ratio between k
and 6f needs to be much smaller than 1 to ensure neg-
ligible coupling to unwanted modes. The difference in
the propagation constants, 4, is determined by the wave-
guide shape and index contrast, whereas the strength of
the coupling, k, is determined by the shape and pace of
the transition. For a given §8, the ratio can be reduced by
introducing a slowly varying permittivity function e(z),
which minimizes de(z)/dz, and therefore longer struc-
tures are more effective at mode evolution than are their
shorter counterparts. Given that the desired structure
consists of two input and output ports, if each port guides
a single TE and a single TM polarization, there must
be four super-modes (i.e., modes of the combined struc-
ture) present at the input and the output or two for each
polarization.

In order to ensure the TE super-modes cross wave-
guides without affecting the TM super-modes, the input
waveguide is designed to contain the fundamental TE
super-mode (TE;)) in the lower waveguide, while at the
output the fundamental TE super-mode propagates in
the upper waveguide, all the while leaving the TM
super-modes largely unaffected. Ideally, the TE and
TM super-modes would be staggered in their effective in-
dices (7rg,, > Topm,, > forg,, > fimwm,, ), SO as to minimize

coupling during the waveguide transition since similar
polarized modes have much higher coupling coefficients
than orthogonally polarized modes. However, due to
fabrication constraints, thin silicon waveguides are pre-
ferred. These thin waveguides guide the TE polarization
more effectively, precluding the desired alternating effec-
tive indices. With such thin waveguides, it becomes
nearly impossible to achieve such a staggered condition.
By easing the condition with a longer device, instead
of staggering the effective indices of the modes, well-
separated TE and TM effective indices (7irg,, > #org,, >
o, > Torw, ) achieve the same goal. Apart from that,
to satisfy the switching of TE super-modes without af-
fecting TM super-modes, the full-thickness silicon wave-
guide cannot be used solely for the design, in which case
both TE and TM super-modes will behave in the same
manner under the adiabatic limit. Rather, structures that
have different birefringence relations need to be imple-
mented. Starting from Gauss’s electric law, which pro-
vides the jump condition

fo- (D) -~ Dy) =0 3

at the boundaries, causing the electric field of the TM
modes of a rectangular waveguide to be discontinuous
along the y direction (i.e., normal to the wafer surface)
and the electric field of the TE modes to be discontinuous
along the x direction (i.e., parallel to the wafer surface).
For our current process, the device layer is 220 nm, and
the normally used waveguide width is larger than 220 nm.
Thus the TE mode will have a field discontinuity along
short edges while TM mode will have it for long edges.

For a silicon rectangular waveguide with SiO, clad-
ding, two factors—core material size and boundary
conditions—determine the effective indices of the
modes. With the same size of core material, the different
boundary conditions lead to different TE and TM modes
effective indices. Using a square waveguide as the start-
ing point, perturbation theory [23] indicates that

AR = g / et - e, - Aedady, 4)

where An is the effective index change of mode due to
dielectric perturbation Ag, e,, stands for normalized vec-
tor electric field of mode m, and # is the unperturbed ef-
fective index. Assuming uniform field distribution
(amplitude E) inside the core region, combining boun-
dary conditions together and taking account of the sharp
index contrast [24], the effective index changes for TM
and TE modes under perturbation can be expressed as

Afigg = g(gc - ecl)EZ[(SC)H AW+ W AH:| )
Ecl
_ n o] [ €
Afipy = 7 (€ — ec) BZ| |~ )W-AH +H-AW |, (6)
€l

where ¢, and ¢ are the core and cladding dielectric con-
stants, and AW and AH are the width and height change
of the rectangular waveguide [shown in Fig. 2(a)], which
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Fig. 2. Different waveguide shapes and their corresponding
effective indices for TM and TE modes solved at a wavelength
of 1440 nm.

are constrained by the core size. When the height of the
waveguide gets decreased, AW > 0 and AH < 0 will af-
fect TE and TM modes in different ways, leading to split-
ting of the effective indices of those modes. Figures 2(a)
to (c) show three rectangular waveguides with the same
core size and different widths and heights, an increase for
TE mode and a decrease for TM mode on effective index
are clearly indicated. With suitable deformations, differ-
ent amounts of splitting can be achieved. In this manner,
the effective index condition (7iyg, > #irg, > fopm,, >
firy,, ) can be satisfied independent of the wavelength.
To achieve this ordering of effective indices, two wave-
guide thicknesses, 220 and 180 nm, are desired. However,
due to fabrication-process limitations, only 220 and
110 nm silicon thicknesses are available. Yet, by utilizing
a T-shaped waveguide, the effects of over-etching to a
110 nm layer thickness on the effective indices of those
modes are compensated by adjusting the fin size and to-
tal width of the structure [shown in Fig. 2(d)] to produce
a waveguide with an effective thickness of 180 nm.
The resultant PBS structure is depicted in Fig. 3(a).
Two well-separated 400 nm width full-thickness input
waveguides are first converted to a narrower waveguide
and a ridge waveguide. The large separation ensures a
smooth transition of individual modes of the waveguides
without mutual coupling, which would otherwise reduce
the operating bandwidth. This sets the initial condition
for the effective indices to #rg, > Titg, > firm,, > formy,
with the fundamental TE mode propagating in the lower
waveguide and fundamental TM mode propagating in the
upper waveguide [shown in the first set of mode profiles
in Fig. 3(c) and start of Fig. 3(d)]. The two waveguides
are then brought close to each other, and the modes
of individual waveguides become super-modes of the
two-waveguide system while the effective index ordering
of the modes is still maintained. The full-thickness wave-
guide is then tapered up to 400 nm to evolve the funda-
mental TE super-mode to propagate in the upper
waveguide while the TM super-modes remain in the same
waveguides [shown in the third set of mode profiles in
Fig. 3(c)]. It is important to note that the effective index
ordering is maintained with relatively large effective in-
dex differences among super-modes preserved all along
the propagation path. The two waveguides are then sep-
arated again adiabatically, resulting in a fundamental TE
mode evolving to the upper waveguide and the secondary
TE mode to the lower waveguide, while TM modes
remain in their respective waveguides. In the last stage,
two well-separated waveguides are then converted to

February 15, 2014 / Vol. 39, No. 4 / OPTICS LETTERS 967
(@) (b)

Out2

B 220nm Thickness Si
I 110nm Thickness Si

Effective Index

19 /7 ;’hybrid : |
1.7 M

1t -. i

Ll LZ L3
Fig. 3. (a) Schematic of the full PBS. L; = Ly = 500 pm.
Ly = 200 pm. (b) Cross-sectional scanning electron microscope
(SEM) image of the device within L; region. (c) Eigen-modes
profiles for corresponding cross sections (dotted lines) of
the device in order of effective indices. (d) Eigen-modes effec-
tive indices evolutions from the beginning of the L; part to the
end of Ls part for wavelength of 1440 nm.

a normal 400 nm width full-thickness waveguide to
connect to other on-chip devices. Though adiabatic devi-
ces are generally larger in footprint than nonadiabatic
ones, the larger bandwidths and fabrication tolerances
make them more suitable candidates for wafer-scale
fabrications.

The proposed structure was fabricated on a 300 mm
SOI wafer with a 220 nm device layer and a 2 pm thick
buried oxide layer using 193 nm optical immersion lithog-
raphy. The device was then covered with a 3.3 pm thick
top oxide layer. The cross-sectional SEM figure of the
fabricated device within L; region is shown in Fig. 3(b).
The ridge waveguide has a 110 nm ridge thickness, a
120 nm width on top, and a 550 nm width on the bottom.

The fabricated device was coupled by using an off-chip
lensed single-mode-fiber (SMF), and cross- and through-
transmission spectra were measured through identical-
lensed SMFs. At both ends of the chip, inversely tapered
waveguide couplers were used to match the waveguide
mode to the fiber mode, maximizing the coupling be-
tween the fiber and the chip. An external polarization
controller was used to manipulate the input polarization
states, and a nearby integrated micro-ring resonator was
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Fig. 4. Transmission spectra of the designed PBS for (a) TE-
input polarization and (b) TM-input polarization from different
input ports to different output ports.

used to identify polarization states for a given wavelength
range. Additionally, the power for each polarization was
normalized to a nearby straight waveguide with identical
inversely tapered waveguide couplers. The TE modes
from both input ports were excited separately, and both
output ports were measured to identify cross talk. The
transmission spectra from 4 = 1350 to 4 = 1520 nm are
presented in Fig. 4(a). The TE modes, excited from either
input, achieve over 170 nm bandwidth operation,
with less than —10 dB cross talk and loss of 3.4 dB at
maximum. Similarly, the TM mode transmission spectra
are shown in Fig. 4(b), indicating over 150 nm bandwidth
from A = 1350 to 4 = 1500 nm, less than -10 dB cross
talk and loss of 2.6 dB at maximum. The bandwidth
for the TE modes is limited by high-order-mode inter-
action and insufficient transition length (Ly) for
A < 1350 nm, while the TM modes are limited by the sub-
strate leakage of TM modes for A > 1500 nm. Thus, by
performing the design steps shown in Fig. 2 with different
starting sizes of the waveguide, devices that are working
in other communication bands (e.g., 1310, 1550 nm) can
be readily fabricated.

In conclusion, a four-port (two input and two output
ports) integrated PBS is demonstrated for the first time
with a record bandwidth of over 150 nm and less than
-10 dB cross talk for TE and TM modes on a 300 mm
CMOS-compatible SOI platform. The device provides a
substantial addition to the silicon photonics component

library with immediate application to compact on-chip
interferometers and quantum information processing.
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