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ABSTRACT: An opticalequivalenbf the field-programmable gate GST
array (FPGA) is ofgreatinterestto large-scale photonic integrated I si
circuits. Previousprogrammablghotonic devicesrelying on the Sio
weak, volatile thermo-optic or electro-optic effect usually suffer from a
large footprint and high energy consumpBbase change materials B cros®
(PCMs) offer a promising solution due to the large nonvolatile
change in the refractive index upon phase transititoweverthe
large optical loss in PCMs posesa seriousproblem. Here, by
exploiting an asymmetric directiooalipler designye demonstrate
nonvolatile PCM-clad silicon photonic 1 x 2 and 2 x 2 switches with
a low insertion loss of ~1 dB and a compact coupling length of ~30
pm while maintaining a smallcrosstalk lesshan —10 dB over a
bandwidth of30 nm.The reported opticadwitches wilfunction as

the building blocks of the meshes in the optical FPGAs for applications such as optical interconnects, neuromorphic computing
quantum computingnd microwave photonics.

KEYWORDS:phase-change mates#ison photonidstegrated photonic devigasyolatilegconfigurable photonics,
opticakwitches

T remendous progress has been made in photonic 0.01) from the free-carrierdispersion'® or thermo-opti¢'
integrated circuits(PICs) over the last two decades, effects, resulting in a large footprint (several hundred
revealing their potentitd create photonic systems with small micrometers) and high power consumption (typically several
footprintsJow power consumptiohigh-speed operatiamd milliwatts). Resonator-based switchen help improve the
low-cost packaging/ith PICs going fables$arge-scale PICs modulation strength but suffer from intrinsic narrow optical
have recently been reportezhabling systems with complex- bandwidth as well as high sensitivity to fabrication

ities far beyond classicdlenchtop opticd-* Many of these ~ imperfectionsand temperature fluctuatiorls. Moreover,as
PICs rely on programmable and generic photonic cirtiiits ~ the switching mechanism is volatile, a constant power supply is
analogous to the field-programmable gate arrays (FPGAs) irfequired to maintain the switched state.
electronicsContrary to the schemeof application-specific ~ To overcome these fundamentanhitations,phase-change
PICs, where specificcircuit architecturesare designedto ~ materials(PCMs) have been proposed to provide strong
implement particular functions, such programmable PICs brifgpdulation and nonvolatility for on-chip tunable optical
aboutfar greaterflexibility and effective costeduction and  device¥"'°due to severalnique properties: phase transition
thus willbe a promising approach to realize applications suctpetween amorphouand crystalline statewith considerable

as routing fabrics in optical communication networks, modulation in electrical resistivity and optical constants (An >

reconfigurable logic gates optical information processing, 1) over a broad spectral redftstate retention for years in no

and multifunctionalb on a chip in opticasensing. need of extra power, fastand reversible switching othe
Programmable opticaloresemploying a grid of Mach- stateswith nanosecond opticadr electricalpulses® ' high

Zehnder(MZ) switches have been demonstrated by several enduranceup to 10" switching cycles,” and excellent
groups:”-8In these workshe on-chip optical switches can be scalability! Therefore PCMs have emerged foa plethora
reconfigured to the cross or bar sfatejing one of the most ~ of PIC applicationssuch asoptical switches?**~*® optical
fundamentaand criticalcomponents in programmable PICs.
Currentopticalswitches in PICshoweverprimarily rely on Received: November 232018
the weak modulation ofthe refractive index (usually An < Published: January 72019
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Figure 1.Design of the 1 x 2 DC switofa) Schematic of the swit¢h, c) Normalized optical field intensity distribution of the switch for (b)
aGST and (c) cGST simulated by the 3D finite-difference time-domain method (Lumerical) at 16pCalculated transmission spectra at
the cross and bar ports for (d) aGST and (e) cGST.

modulators$>?°photonic memorie®;*'and opticacomput-  width of the HW (), which can be easily achieved within the
ing>233 alignmentprecision ofthe electron-beam lithography (EBL).
Practicabpplications of programmable PICs require opticalw, is optimally chosen as 420 nm so that the phase-matching
switchesto have a multiport and broadband characteristic. condition could be satisfied foaGST.Therefore the input
Current experimentaldemonstrationsof PCM-integrated = TE-polarized lightvill be evanescently coupled to the cross
switches however,are either single-poff-**?"or narrow-  port completely with an appropriate coupling length.
band'>**?°PCM-integrated MZ switches can afford broad- Considering the trade-off between the coupling length)(L
band operation’ Unfortunatelytheir performance including  and the insertion lossin the crystalline state (IL,gs7 See
the crosstalk (CTdefined as the contrashtio between the Supporting Information), the gap (g) betweenthe two
two output ports) and insertion loss (IL) is dramatically  waveguides chosen to be 150 nm while ensuring reliable
sacrificed due to the large absorptive losgom crystalline  faprication othe coupling regioriThe coupling length given
PCMs. by Ls = Ay2(Nsest1— NagsT) IS thus calculated as compact as
Here, we demonstrate compa¢t-30 um), low-loss(~1 ~24 um, where astiand npgsroare, respectively, the effective
dB), and broadband (over 30 nm with CT <-10dB) 1 x 2 jndicesof the first order (even) and second order(odd)

and 2 x 2 switches using the PClg:ShTe; (GST),based  sypermodes in the two-waveguide syatem 550 nm is the
on the prewousilsy built nonvolatile programmable GST-on-  ayelength.

silicon platforri and the asymmetricdirectional coupler Figure 1d,e show the calculatedtransmissionspectral

(DC) switch design,”** bypassing the high lossssociated  response ofhe 1 x 2 DC switch in both states.When the

with the crystalline state. GST is in the amorphous statethe optical switch attains a

. smalllL <1 dB and CT from -11 to -23 dB over  the
RESULTS AND DISCUSSION wavelength range of 1520-1550 rirar the crystalline state,

Figure 1a shows the schematidttug 1 x 2 DC switch. The since almost no evanescent coupling occurs due to the phase

asymmetric coupling region consistaaformalsilicon strip mismatchthe spectralesponse to.the input light is quite flat
waveguide(SW) and a GST-on-silicon hybrid waveguide and broadband. The corresponding IL and CT are <0.6 dB and
(HW) where a thin layer ofGST is placed on silicoWhen <-29 dB across the whole wavelength range.

the GST is in the low-lossamorphousstate,the optimized The devices were fabricated (see Methods) using an SOI
structure othe silicon SW and the HW can meet the phase- Wafer with a 220-nm-thick silicon layer on top of a 3-um-thick
matching condition for TE polarizatioteading to the cross ~ buried oxide layer.The pattern was defined via EBL and

state of the switch with a low IL (Figure Qnjce the GSTis  transferred to the top silicon layerby inductively coupled
transformed to the lossy crystalline stttie, phase-matching Plasma etchin@eposition of 20 nm GST and 11 nm indium
condition is significantly altered due to the strong modificatiofin oxide (ITO to avoid GST oxidation) on the HWs was
of the mode in the HW induced by the dramatic difference ofcompleted using a second EBL step followed by the sputtering
complex refractive indices between amorphous GST (aGSTgNd lift-off process:igure 2a,b shows the opticaicroscope

and crystalline GST (cGST) (see Supporting Informafisn). and scanningelectron microscope(SEM) imagesof the

a resultjight is diverted away from the HW forming the bar fabricated 1 x 2 DC switcA. false-colored SEM image of the
state ofthe switch with low attenuation ensured by minimal coupling region is shown in Figurewhere the GST layer is
opticalfield interaction with the lossy GST layer (Figure 1c). clearly resolved.

To determinethe widths of the waveguidegw, w) An off-chip optical fiber setup wasused to measure the
appropriately, we analyze the effective indices of the spectral response of the fabricated devices (see Meffoods).
eigenmodesupported in the silicon SW and the GST-on-  each devicewe measured the transmission rigtdfter the
silicon HW (see Supporting Informatior)e simulations are  deposition of the GST, which is initially in the amorphous state
performed using the frequency-domain finite-element methotlecause ofhe low sputtering temperaturéfter that, rapid
(COMSOL Multiphysics). The width of the silicon SWiev ~ thermal annealing (RTA) of the chip at 200 °C for 10 min in a
chosen as 450 nm to ensure single-mode opefatowidth N, atmosphere was performed to actuate the phase transition
of the GST (w) is set to be 100 nm smaller than the core  from aGST to cGST2 The measurement results of the 1 x 2
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(a) : (b) Coupler 5 gimos the light coupling mechanism by analyzing the supermodes in
ar

] : the coupling region (seeSupporting Information).In this

—_— calculationwe adopt the same parameters used in the 1 x 2
O —— switch with w= 450 nmg = 150 nmand w = w, — 100 nm.

200 nm | To meet the phase-matching conditithvg width of the HW
- (W) is optimally chosen as422 nm. Once the GST is
T crystallizedhe three-waveguide system effectively boils down
to two separated SWs becausetbe much highereffective
) @— index of the HW. In this case,only the even and odd
o ~sem 0 T supermodes can be supported in the coupler. The gap between
3 —_— 3 Cross the two SWs is w + 2g, resulting in a much larger coupling
S -5 - 5-10 - length (L.gsp- More specificallwhen g = 150 nmLgstis
@ Bar @ Bar calculated to be 516 pm while the coupling length for aGST
€10 4 E.20 | (Lags? is 35 um (see Supporting Informationjeading to a
T Bathaa annceutty (I - NSRSy large ratio of L.gsfL agst = 14.7. Hence, after a specific
" s : 9557 F 30 : il coupling length (I_designed for the maximum transmission in
1520 1530 1540 1550 1520 1530 1540 1550 the amorphous statthat is,L,gs9, the input light is almost
Wavelength (nm) Wavelength (nm) not cross-coupled but propagates directly to the bar port as if

) . ) ) the centraHW does not exist (Figure 3cJhis behavior can
Figure 2.Experimentaksults othe 1 x 2 DC switch.(a) Optical be further verified by the fact that the effective indices of the

microscope image dhe fabricated switci{b) SEM image ofthe léoermodeslmostremain unchanged when schangesas

switch. (c) An enlarged view of the coupling region highlighted by . - e -
orange rectangle in (b) with the GST false-coléded) Measured ﬁ%ere is no field distribution in the GST-on-silicon HW (see

transmission athe crossand bar ports with the GST in the (d) Supporting Information).
amorphous and (e) crystalline states. Figure 3d,e show the simulated spectre¢sponse otthe

designed 2 x 2 DC switch for aGST and cGST when

launching the lighfrom one of the input ports. The device

DC switch are shown in Figure 2Ba.the wavelength range exhibits low ILs of <1 dB in both states when the wavelength

of 1520-1550 nm, the ILs were measured to be approximatetgries from 1510 to 1540 nrhhe bandwidth for achieving a

1 dB for both states and the CT was measured to be <-10 dBT less than —15 dB in the amorphous state and less than —20

for aGST and <-22 dB for cGSTThe discrepancy between dB inthe crystallinestateis more than 25 nm, enabling

the measured CTs and the design targets is primarily due tobroadband switching operation.

the fabrication-induced gap change and positional deviation ofFigure 4a,b shows the microscope and SEM imagteof

the GST layer owing to the limited alignment precision. fabricated 2 x 2 DC switch.false-colored SEM image of the
We extend the DC design scheme to build a 2 x 2 switch. coupling region is shown in Figure 4c where the GST layer is

Figure 3a shows the schematic diagram of the 2 x 2 DC switglkarly resolvedlhe measured transmission spectra of the 2 x

based on the three-waveguide DBe operating principle of 2 DC switch are shown in Figure 4d;er aGSTthe IL was

the proposed switch relies on the considerablemode measured to be approximately 1 dB and the CT is less than

modification ofthe TE-polarized supermodes the three- ~-15 dB at the wavelength ranging from 1510 to 1540 nm,

waveguide system due to the GST phase tran¥itien the agreeing wellvith the simulation resultsFor cGST,the IL

GST is in the amorphous state, the device functions as a thrédwough the switch is approximately 1-2 dB and the CT is less

waveguide DC and the complete powetransfercould be than —10 dB with a bandwidth of over 30 nifthe degraded

achieved when the phase-matching condition (i.e., the effectiteand CT compared with the simulation results are mainly

indices of the three supermodes are evenly spaced) is satisfadttibuted to the gap discrepancydue to the fabrication

Thus, the input light couples to the low-loss GST-on-silicon imperfection and positiondéviation of the GST layer owing

HW and passes through the cross port (FigureV¥b)study to the limited alignment precision.
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Figure 3.Design of the 2 x 2 DC switcfa) Schematic of the swit¢h, c) Normalized opticdikeld intensity distribution in the device for (b)
aGST and (c) cGST simulated by the 3D eigenmode expansion method (Lumerical) at {&56) @®alculated transmission spectra at the
cross and bar ports for (d) aGST and (e) cGST.
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thick buried oxide layefhe pattern was defined by a JEOL
JBX-6300FS 100 kV EBL system using a positive tone ZEP-
520A resist and transferred to the silicon layer by inductively
coupled plasma (ICP) etcher utilizing a gas mixturg @h&F

C,Fs. Next,a positive electron beam resBMMA was spun

on the sample and a second EBL exposure was used to define
the window for the GST deposition on the HWsinally,20

nm GST and 11 nm indium tin oxide (ITO) were deposited

R 2000 using a magnetron sputtering system followed by a lift-off
[ A N e S e e i 5
0

(@)

Coupler ~ Cross

10 pm
—

processlhe on-chip devices were characterized by an off-chip

(| Ee—— . optical fiber setup. The focusing subwavelengthgrating

Q 5 e ) coupler®’ were fabricated atthe input ports and output

§-10 ] == ports for fiber-chip coupling and polarization selectiVibhe

2 15 Bar -%-10 polarization ofthe input light wascontrolled to match the

E.20 = fundamentatuasi-TE mode otthe waveguide by a manual

§.05 1 @'15 fiber polarization controller (Thorlabs FPC5ZR)e straight

F 30 2081 , : F o0 gesl . . single-mode waveguides with the same grating couplers were
1510 1520 1530 1540 1510 1520 1530 1540 also fabricated on the same chip to normalize the speftra.

Wavelength (nm) Wavelength (nm) tunable continuous wave laser (Santec TSL-510) and a low-

noise power meter (Keysight 81634B) were used to measure

Figure 4.Experimentaiesults othe 2 x 2 DC switch.(a) Optical the performance of the fabricated devices

microscope image dhe fabricated switci{b) SEM image ofthe
switch. (c) An enlarged view of the coupling region highlighted by t
orange rectangle in (b) with the GST false-col¢ded) Measured -ASSOC|ATED CONTENT

transmission athe crossanq bar ports with the GST in the (d) * Supporting Information

amorphous and (e) crystalline states. The Supporting Information is available free of charge on the
ACS Publications website at DOIl: 10.1021/acsphoto-

B-oncLusions nics.8b01628.

By exploiting the high optical contrast of PCMs and The design of the 1 x 2 and 2 x 2 switches (sections S1

asymmetric DC desigwe demonstrated compact (~30 pm) and S2); optical bandwidth of the switches (section S3);

nonvolatile 1 x 2 and 2 x 2 switches with low-loss (~1 dB) discussion ofthe switch design for TM polarization

and broadband (over 30 nm with CT < -10 dB) operations on  (section S4) (PDF)

the silicon photonic platformAlthough the reported switches

are optimized for TE polarization, similar design can be .AUTHOR INFORMATION
conducted forTM operation (see Su gorting Information). c dina Auth
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