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Abstract: We experimentally realize a compact wideband polarization splitter and rotator
(PSR) with CMOS compatibility. The fabricated PSR is then tested by utilizing a fabrication-
tolerant TE-pass on-chip polarizer we propose to practically solve the issue of accurately
aligning the polarizations in fiber and modes on chip. Both of these polarization handling
devices take the advantage of bend structure that confines TE mode better than TM mode.
The fabricated PSR has a high TM-TE and TE-TE mode conversion efficiency of —0.4 dB
and —0.2 dB at 1310 nm, while the extinction ratio is better than 18 dB and the broad
bandwidth exceeds 100 nm.
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1. Introduction

Silicon photonics provide the possibility of designing and fabricating ultra-compact and
CMOS-compatible photonic building blocks with low manufacturing cost, which thus creates
an expanding market, especially for current data center applications [1,2]. Among these
building blocks, polarization splitter and rotator (PSR) is one of the key components for many
polarization diversity photonic circuits including optical transceivers, as it essentially solves
the problems of the high birefringence brought by silicon nanowire [3]. CMOS-compatible
and compact PSR is highly desired for optical coherent transceivers in data center application
as well as generation of polarization-entangled photons [4]. Till now, different design for
PSRs have been proposed, including directional coupler (DC) [5—7], adiabatic tapers followed
by Mach-Zehnder interferometer [8, 9], mode-evolution tapers followed by asymmetric Y-
junction [10], slot waveguide [11], etc.

Commonly straight waveguides are exploited in these structures due to its relatively easy
design rules [7, 12]. Recently Daoxin Dai and Hao Wu have realized a compact PSR by
combining an adiabatic taper, an asymmetric DC, and a multimode interference mode filter,
of which the length is ~70 um and the loss of TM-TE conversion is 1.5 dB [12]. This PSR
utilizes the air as upper cladding, which breaks the vertical symmetry and thus makes
polarization rotation realized more easily. However, this does not match the most metal back-
end-of-line (BEOL) processes, making it incompatible with other building blocks [13]. PSRs
exploiting SiO, as upper cladding have also been proposed recently for BEOL comparability,
normally with a length of several tens or hundreds of micros [5]. Recently we have
theoretically proposed a potential design of highly-efficient PSR utilizing the advantage of
bend structure [14].

In this paper, we experimentally realize an O-band CMOS-compatible PSR utilizing ultra-
compact double bends with a radius of 10 pm, which is then measured with the assistance of
a fabrication-tolerant TE-pass on-chip polarizer we propose for accurately aligning the
polarization in fiber and modes on chip. Instead of using special methods to avoid the
different influences of bend structure on different modes [15], here we take the advantage of
bends that confine fundamental TE mode better than fundamental TM mode to design ultra-
compact PSR under the fabrication constraint brought by ultraviolet (UV) lithography. We
fabricated this device in our institute by using CMOS-compatible fabrication process, and
then measured it by exploiting edge coupling and aligning system [13]. Moreover, we further
explore the advantage brought by bend and design a multi-bend structure naturally functioned
as an on-chip fabrication-tolerant TE-pass polarizer, which provides a practical solution for
accurately aligning the polarizations in fiber and modes on chip. By using the special
designed TE-pass on-chip polarizer, we propose a procedure for accurate polarization
alignment, which makes the good matching of experimental and simulation data [14]
possible. The experimental results show that this ultra-compact PSR has a high TE-TE and
TM-TE mode conversion efficiency of —0.2 dB and —0.4 dB at 1310 nm, while extinction
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ratio is better than 18 dB. Additionally, the 3-dB bandwidth of fabricated PSR covers all the
O-band range.

2. Design and fabrication

We conduct the fabrication in IME of A*STAR. The fabrication starts with an 8-inch SOI
wafer, which has 220-nm-thick single crystal silicon layer and 3-pm bottom oxide. We then
use two steps of deep ultraviolet photolithography followed by reactive ion etching to
fabricate the double bend structure. The inversed tapers are applied for the edge coupling
between chip and lensed fibers, as inversed tapers provide broad bandwidth and low coupling
loss.
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Fig. 1. (a) SEM image of the whole PSR. (b) SEM photo of the bend structure.

Figure 1 shows the scanning electron microscope (SEM) image of the fabricated PSR
based on double bends. The related parameters are listed as follows: the width of inner bend
Wi = 400 nm, the bending radii R; = 10 um and R, = 10.74 pm, the slab height H, = 110 nm,
the slab width of outer bend #; = 285 nm, and rib width of outer bend #, = 210 nm. The
corresponding gap between the two bends has a width of W, =200 nm, due to the constrain of
UV lithography [13]. Based on the theory described in [14], these parameters are designed
and optimized in order to take the advantage of bend structure that confines fundamental TE
mode better than TM mode, i.e. TE mode is well confined in the inner bend while TM mode
is efficiently coupled and rotated to TE mode in the outer bend. The nanotaper is exploited for
edge coupling, which has a length of 60 pm and a tip width of 200 nm. The polarization
dependent coupling loss for TE mode and TM mode are measured to be 2.7 dB and 3 dB,
respectively.

The polarization alignment in the testing is a tough issue as slight misalignment between
polarizations in lensed fiber and modes on chip creates large difference in the measurement of
the crosstalk and extinction ratio (ER) in PSR. Most previous experimental demonstrations of
PSR exploit grating couplers for fiber-to-chip coupling because grating couplers can act as an
on-chip polarizer so that only TE or TM mode can have a high coupling efficiency [8, 12, 16].
However, grating couplers normally have a narrow bandwidth and relatively large coupling
loss, which makes it hard to be used for testing broad band devices.

Fig. 2. Schematic structure of proposed on-chip TE-pass polarizer, which comprises of 364 90°
bends cascaded in series. Only the starting part is shown.
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Here we continue to take the advantage of bend structure that confines fundamental TE
mode better than TM mode for building a simple but effective design of on-chip TE-pass
polarizer tolerant to fabrication variations. The on-chip TE-pass polarizer for polarization
alignment comprises of 364 90° bends cascaded in series, as shown in Fig. 2. Due to the
confinement difference between the fundamental TE and TM modes, naturally fundamental
TM mode experiences a higher loss than fundamental TE mode, which helps build an on-chip
TE-pass polarizer almost immune to fabrication variation brought by current state-of-the-art
foundry services. This tolerance to fabrication condition in principle makes it able to function
as a practical reference polarizer to align the polarizations in fiber and modes on chip.

3. Experimental setup and testing results

In order to characterize the fabricated PSR, we set up our measurement system as shown in
Fig. 3. Amplified spontaneous emission (ASE) noise from praseodymium-doped fiber
amplifier (PDFA) with an amplified wavelength range of O-band is used as broadband light
source. A free space linear polarizer 1 with fiber connectors is then applied for filtering out
only one linear polarization from the ASE source. Polarization-maintaining (PM) fiber is then
connected to guide the linear polarized light to chip with lensed fiber tip at the end. The light
emitted from the chip is then collected by using the same lensed fiber tip with PM fiber
connecting to an in-line fiber-based polarization beam splitter (PBS). This PBS can split the
TE mode portion and TM mode portion after careful polarization alignment. Then optical
power meter (OPM) and optical spectrum analyzer (OSA) are used to measure the output
power and output optical transmission spectrum.
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Fig. 3. Experimental setup for accurate polarization alignment and on-chip PSR measurement.

0/___1
I
e -5
£
& -,
é 10 ‘—‘_,———
-
-
Z -15 Al
2 R4
] -
£ 120 e
£ L7 —e=TE
IS 4 —be TM
-25
3 5 7
Radius (pm)

Fig. 4. The transmission efficiency of proposed on-chip TE-pass polarizer as a function of the
bend radius.

Figure 4 demonstrates the experimental results of transmission efficiency for fundamental
TE and TM mode propagating in the on-chip TE-pass polarizer exploiting multi-bend
structures. When TE mode is injected, the transmission efficiency is —0.18 dB and —0.53 dB
respectively for bend radius of 7 um and 5 pm. However, the transmission efficiency drops to
—2.9 dB when the bend radius is 3 pm. As shown by the green line in Fig. 4, the transmission
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efficiency of TM mode is generally much smaller than that of TE mode. The polarization
extinction ratio (PER) of the TE-pass polarizer can be defined by [17]

PER(dB) =10xlog,, U#] ()

™

where 7, and T, are the transmission efficiency for fundamental TE and TM modes,

respectively. Hence the PERs for fabricated on-chip TE-pass polarizer are 19.56 dB, 11.27
dB, and 7.87 dB for multi-bend structure with bend radius of 3 pm, 5 um, and 7 pm,
respectively. Considering that the auto-alignment system needs enough power to make the
edge alignment accurate, we choose the multi-bend structure with a bend radius of 5 um for
aligning the polarizations in fiber and modes on chip.

Based on the specially designed multi-bend structure functioning as on-chip TE-pass
polarizer, we propose a procedure to preciously align the polarizations in fiber and modes on
chip, as polarization alignment is essentially the key part to determine how accurate the
measurement would be.

As shown in Fig. 3, we firstly put free-space polarizer 2 in front of the input lensed fiber,
while a near infrared (NIR) camera is exploited to collect the power of light passing through
the free-space polarizer 2. After setting the free space polarizer 2 to allow TE mode to pass
through, we roughly rotate the input lensed fiber to minimize the output power collected by
NIR camera, which means the injected light is roughly aligned to TM mode for silicon chip.
Then we put the silicon photonic chip on the testing stage, and connect the output lensed fiber
directly to the OPM. We choose the waveguide with multi-bend structure for more accurate
polarization alignment. The auto-aligning system is then started to automatically align the two
lensed fibers with the waveguide on chip. The input lensed fiber is carefully rotated to find
the minimum value of output power, which gives the maximum excitation of fundamental
TM mode on chip. Furthermore, we need to align the output lensed fiber as well. After
aligning the two lensed fibers to a strip reference waveguide, we tune the input polarization to
stimulate fundamental TE mode on chip by rotating the free space polarizer 1 with 90°
degrees. Then the in-line fiber-based PBS is inserted between the output lensed fiber and
OPM. We choose one output port of PBS and connect it to the OPM. Then the output lensed
fiber is carefully rotated for minimizing the output power exiting the selected output port of
PBS. This output port of PBS connected to OPM collects the power of TM mode from the
chip, and thus the other output port of PBS gives the power of TE mode from the chip.

After this careful polarization alignment, the optical transmission spectrum for different
mode conversion can be measured by using OSA. The experimental results together with
simulation data are shown in Fig. 5. The fabricated PSR is characterized by conversion
efficiency (CE) and ER [5, 8, 18]. The CEs for the stimulated TM and TE mode are defined
as

CEf(dB) =10x1og,, ( By, / B

T™ -TE (2)
CE}y 5 (dB) =10xlog,, (P | B )
The ERs for the injected TM and TE mode are defined as
ER;", (dB) =10xlog,o (P, | Py’ 5

ERThrough (dB) — 10X10g10 (PThrough /PCFOAX\' )'

TE-TE TE-TE TE-TE

Pr  oies 18 defined as the detected power of the mode 2 in the port when mode 1 is the
input.
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Fig. 5. The mode conversion efficiency as a function of the wavelength in the cross output port
(a) and through output port (b). The dashed lines are simulation results, while the solid ones
are experimental data. Sim. and Exp. are short for simulation and experiment, respectively.
The conversion efficiency below —40 dB is not shown.

The CEs of TM-TE and TE-TE mode conversion at 1310 nm are —0.4 dB and —0.2 dB,
while the ER at 1310 nm is better than 18 dB. As shown in Fig. 5(a), the red solid line depicts
the experimental result for TM-TE conversion, which matches well with the simulation result
in blue dashed line. The ripples of red solid line may come from unstable edge coupling or
vibration of fiber polarizations, however, the peaks of the ripple hit the simulation results
well. The cyan line in Fig. 5(a) shows the optical transmission spectrum of TE mode at the
cross output port when fundamental TE mode is stimulated at the input port. Although there is
some noise added in the experimental data, its trend matches well with the simulation results
demonstrated as dashed green line in Fig. 5(a). We can also observe that the TM-TE mode
conversation efficiency at the short wavelength is lower than that at the long wavelength. This
is possibly due to the better confinement of light at shorter wavelength compared to that at
longer wavelength, as better confinement makes the light harder to be coupled from TM
mode in the inner bend to TE mode in the outer bend. The green dashed line and cyan solid
line in Fig. 5(b) depict the simulation and experimental results for the power of TE mode at
the output port of through waveguide when TE fundamental mode is injected at the input port.
These proves that the proposed PSR has a high TE-TE mode conversion efficiency over a
wide bandwidth. The red solid and blue dashed lines of Fig. 5(b) show experimental and
simulation results of the optical transmission spectrum of TE mode at the through output port,
when fundamental TM mode is stimulated at the input port of through waveguide. The deeps
in the measurement results may come from the light interference between the fundamental TE
mode coupled back from cross waveguide and the undesired fundamental TE mode in the
through waveguide due to fabrication imperfection or polarization misalignment. For
example, there may be very small amount of light that is converted to TE mode in outer bend
and then coupled back to TE mode in inner bend. This light may interfere with the one
converted to TE mode at through waveguide due to sidewall roughness, fabrication defect, or
polarization misalignment with certain time-delay difference, which forms a Mach-Zehnder
interferometer to create those deeps. Overall, the fabricated PSR has a 3-dB bandwidth
covering the whole O-band.

We further evaluate the fabrication tolerance by varying the width of rib and slab of the
outer bend, W, and W;. Figure 6 shows the conversion efficiency of different modes in both
cross waveguide and through waveguide when the rib width W, is changed in a range of 20
nm. As depicted by the cyan and green lines, the TE-TE mode conversion maintains a high
efficiency when W, varies 20 nm. However, the TM-TE mode conversion efficiency goes
down when W, is offset from the optimized value. This is because the variation of width of
outer bend changes the effective index of outer bend, making the phase matching condition
not well fulfilled.
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Fig. 6. The CE as a function of rib width ¥, at cross output port (a) and through output port
(b). Sim. and Exp. are short for simulation and experiment, respectively. The wavelength is set
to be 1310 nm.

The slab width is also varied to investigate its fabrication tolerance, as depicted in Fig. 7.
The cyan and green lines in Fig. 7(b) demonstrate that both the experimental and simulation
results of TE-TE mode conversion efficiency at 1310 nm almost remain the same when the
slab width changes in a range of 20 nm, indicating the TE-TE mode conversion has a large
tolerance towards the slab width. As shown by the blue and red line in Fig. 7(a), the TM-TE
mode conversion efficiency drops when slab width varies 10 nm away from the optimized
value. Therefore, the control of fabrication dimensions is needed in order to achieve a low
loss below 0.5 dB. However, we can also modify the structure for improving the fabrication
tolerance, such as applying the tapered structures [16, 19].

@ KON N
0 b
g STTNVSTE ™ %‘ = S§im. TM->TE
e 5 Sfm.TE e e 5 ——Sim.TE->TE
£ 10 o ExnTMoTE £ 10 ¢ Exp.TM>TE
k= P2V g A Exp.TE->TE
£ A Exp.TE>TE £
=15 & 15 b
= = °
% 20 % 20
g ] °
= =
25 A 25
S " hane A A _40 8
-~
30 ST 30
275 280 285 290 295 275 280 285 290 295
W, (m) W, (nm)

Fig. 7. The CE as a function of slab width #; at cross output port (a) and through output port
(b). Sim. and Exp. are short for simulation and experiment, respectively. The wavelength is set
to be 1310 nm.

The good matching of the testing and simulation data further proves the effectiveness of
proposed procedure for accurate alignment based on the specially designed multi-bend
structure functioning as on-chip TE-pass polarizer.

4. Conclusion

In conclusion, we have experimentally realized a compact broadband PSR with CMOS
compatibility. Instead of avoiding the influence brought by bend, we benefit from it for
shortening the PSR and designing a multi-bend structure naturally functioning as an on-chip
TE-pass polarizer. Based on this specially designed on-chip TE-pass polarizer, we have
proposed a procedure to accurately align the polarizations in fiber and modes on chip, with
which we have got the experimental results well matching the simulation data. The fabricated
PSR has a high TM-TE and TE-TE mode conversion efficiency of —0.4 dB and —0.2 dB at
1310 nm, while the extinction ratio is better than 18 dB. Moreover, the fabricated PSR has a
large 3-dB bandwidth covering the whole O-band range. Using different geometry parameters
optimized by same design principles can build PSR with more compact structure as well as
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operating in other wavelength ranges, such as C-band, L-band, and mid-IR. These designs
provide potential solutions for polarization handing in future large-scale high-density
photonic integrated chips.
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