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Abstract: Design of a silicon-based polarization converteotigh phase matched power coupling
between TE and TM modes is presented. Conversificiegicy up to 90% is feasible at|8n

wavelength with device length of 5aén.
OCI S codes. (040.6040) Silicon;230.737) Waveguides; (230.3120) Integrated optics devi¢E30.5440) Polarization-
selective devices; (000.4430) Numerical approxiamagind analysis.

1. Introduction

By drawing parallel to chip level integration tHabught in cost reduction in electronics it is ceiwable that for
attaining similar gains in optoelectronics, whishriot limited by electronic speed, one would needntke the
devices as small as possible and find a matergesy for monolithic integration of all componen®ne plausible
route would be to reduce the device size throughofihigh refractive index (RI) contrast wavegui@e&s), which
can improve the optical confinement and effectivelyuce the waveguide dimensions.

Silicon-on-insulator (SOI)1] can provide large refractive index contrast betw8ecore and silica cladding (~
3). It is emerging as a low-cost technology by gmé¢ing it directly on top of a well developed CM@Etform[2,
3]. Today, Si-based platforms support a wide varidtgievices, including high-speed modulators aneéatets[4],
low-loss waveguides with passive and ac{bje linear and non-lined6] components.

Typically, light output from a conventional fibeften used as input to an integrated optical chippredomly
polarized. State of polarization (SOP) of light lsagreat impact on both photonic circuit design apdration. On
the other hand, though the Si WG dimensions ard! stiney are highly polarization sensitive. Thus, polarization
diversity systems, the problem can be sorted ouinbgrporating polarization splitter and polarizaticonverter
based on such WGs. A variety of polarization cotersr(PC) have been proposed in recent y|@a#3. In all these
cases either the device design is simple but csioreefficiency is poor or the conversion efficigrg good but the
device design is complex

In this paper, we propose design for realizing af&@otential application at the mid-IR waveleng#gion that
should be relatively easy to fabricate as unifongss section is maintained along length and theleviwucture,
made out of two WGs (one Si strip WG and one Stiea@r slot WG[10]), can be made with a single mask.
Moreover, it can rotate both polarization statesaf@ingle input direction (i.e., at coupling lemdt.), TM input in
the Si strip WG will produce TE output from thetsWdG and TE input in the slot WG will produce TMtput from
the strip WG). We have optimized the design andwhthat maximum power coupling efficiencg) > 90% is
possible for a device length of 53u. Device performance is also studied on the ldbrication tolerances.

2. Methodology

For high RI contrast WGs, where the modal hybridrievery strong, the full-vectorial mode solveessential. For
our design a full vectorial finite element methéd/(FEM) was implemented to analyze the 2-D struztéll the
vector fields are investigated and depending onahbygbridness, TE and TM modes are identified. Base this
FV-FEM the polarization beat length is calculat®topagation of these two orthogonal modes is studig
“Eigenmode Expansion” method using the commercialigilable FIMMPROP software. Here we have launched
TE-like and TM-like mode as the input at respectivés and studied the power propagation along iitgtte

Our proposed PR is a coupler based on one SiMtand one Si-air vertical slot WG. The cross-secis
shown in Fig. 1(a). Here two WGs are implementedsiica (SiQ) as the substrate with air as cover and slot
material. We have taken the same height for bathWts adH and same width for the high index regions of the
slot WG asW,. The width of the strip WG core and low index wegiof slot WG are taken a4 and Ws,
respectively. The separation between two WGs iodehasS Our working wavelength is 3m, for which the
refractive indices of Si and Sj@re 3.43232 and 1.41925, respectively. Note thtt Bi and Si@ (fused silica IR
graded11]) are transparent at this wavelength. A vertical ¥G will only support a quasi-TE mode, which lE&s
as the dominart-field component. So, here confinement of the funeiatal TE mode in slot and TM mode in strip
WG is considered. For moderate electric field aoefinent in the slot, we choo®¥é as 100 nm. Maintaining low
footprint along with sufficient mode confinementg Wwave optimized and fixed tieof both WGs as 500 nm for 3



um wavelength. On the other hand, to maintain TEfmdtion as the fundamental mod¥, needed to be > 500
nm. Optimizing the confinement lod8, was chosen to be 550 nm fér= 500 nm of the slot WG.

3. Results and Discussions

Optimized slot WG dimensions avé = 550 nmWs = 100 nmH = 500 nm. In the absence of strip WG, thgof

the TE mode in this slot WG is 1.85627. Thegpof the fundamental TM mode inside the isolateih %G of same

H is studied by varying its width\}). ForW; = 992 nmn.s of strip mode becomes equal to that of the slot WG
mode. Then fothe combined coupled structure, using these opéichdimensions (i.aV; = 992 nmW, = 550 nm,

Ws = 100 nmH = 500 nm), the phase matching separation betwesse tfwo WGs was found to be ~ 876 nm.

The three basic parameters to study a PCnasehybridness and coupling length.). For three differen
values (800 nm, 900 nm, 1000 nm), the variationlmive-mentioned parameters were studied as a dunatistrip
WG width (\,), shown in Figs. 1(b), 1(c) and 1(d).Fig. 1(b), horizontal line representg:-TE in the slot (almost
constant). Slanted line represemtg -TM in strip WG, changing adV; is increased. The anti-crossing point
corresponds to the phase matchilg Hybridness of the two modes can be defined asédtie of the maximum
values of theH, to H, field components for the TM and similaity/H, for the TE mode. Around this anti-crossing
point the mode mixing is maximum leading to highgbridness. For quasi-TM mode, the variation ofriditess is
shown in Fig. 1(c). Similar results can be obtaif@dlE mode also. Polarization coupling lengthrad two modes
are defined ad (== / | p1—po | ) where ; andp, are the propagation constants of the TE and TMasothe peak
L. value (Fig. 1(d)) appears at mode exchange regmelécreases witB. So, smallelS corresponds to smaller
footprint of the device. However it brings down tim@aximum conversion efficiend{C,,). Thus there is a trade-off
between smaller device length) @ndC,,. To achieve > 90% conversion, the minim&would be~ 600 nm for
which phase matchingV; andL. becomes 985 nm and 535u#n, respectively. We have therefore focused our
further study foiIS= 600 nm.

The supermodes of this designed PC are shown & E{g) and 1(f), wherd, andH, fields of the dominating
TE mode in the slot WG are displayed, respectiviely. 1(e)clearly indicates thaltly is in the strip region, which
supported the interacting TM mode. Small amouritlih slot indicates the high modal hybridness. Eid) shows
the H, field of the same supermode, which is the domgaiE mode in slot WG. This is the even supermdde o
the whole structure as both the signgipfandH, are positive. The other supermode is not showe. her
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Fig. 1: (a) Schematic transverse view of the proposedigation converter; (b) Variation ine with W; for theupper & lower WGs foS= 800
nm, 900 nm and 1000 nm; (c) Variation of modal figtess of the TM mode with\;; (d) Variation of coupling lengthL) with W;; (e) Hx (xy)
plot of dominating TE mode in slot WG for optimuinueture f\ = 985 nm,S= 600 nmW, = 550 nmWs = 100 nm, andd = 500 nm); (f)H,
(x,y) plot of dominating TE mode in slot WG for optimustnucture.

Propagation of TE and TM modes along the devicgusdied by launching the TE-like mode in slot WGl an
TM-like mode in strip WG. Assuming TE-like input ot WG, the intensity variations of TE mode iatshtnd TM
mode in strip WG are shown in Fig. 2(a). Variatadmormalized powerRy) along propagation length is shown for
these two modes in Fig. 2(b). It can be clearlynsieem these two figures that the total power gfuhTE mode
gets transferred to TM mode at a device length3&&um, which is nothing but the; corresponding to these two
modes. MaximuniPy coupled from input TE to output TM mode for thisse is ~ 90.4%.
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Fig. 2: (a) Intensity variation along device length of TE madéhe slot WG and TM mode in the strip WG for Tikelinput in the slot WG; (b)
Normalized power variation along the device lengftiE mode in the slot WG (Red curve) and TM matthe strip WG (Blue curve).

From potential fabrication point of view, we havsaastudied the tolerance of the structure by vey@ome of
the WG parameters lik&y, by £ 5 nm and\,, Wby + 2 nm and shown the variations in Figs. 3(&)) &nd 3(c),
respectively. In general, CMOS fabrication techgglbas significantly better control over height,asty the effect
of variation in its width is studied here. The figs reveal that, slot WG parameters are more drud@vever, it
may be possible to correct fabrication tolerangepdst-trimming of the WGs or temperature tuning.
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Fig. 3: (a) Tolerance study foi,; (b) Tolerance study fohs; (c) Tolerance study fol;; In all the figures, red solid curve corresporm€t, at
L. and blue dashed curve correspondSa@t device lengthl(= 535.8um).

4. Conclusionsand Acknowledgment

A novel design of a compact polarization conveebgoloring Si photonics is presented. The aboveltesuggests
that an appreciably short 535/8n long PC can be designed for 3i0n wavelength by exploiting the phase
matching between the orthogonally polarized modes ®i-strip WG and Si-air vertical slot WG. Maximuypower
coupling efficiency > 90% is possible from input Taeoutput TM mode and vice versa.
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