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ABSTRACT
Phase modulators are key building blocks for Phigtdntegrated Circuits (PICs). Si modulators based
plasma dispersion suffer from spurious amplitudelafetion and high insertion losses. Pockels effastbeen
explored for more efficient phase modulators. Hawe\si doesn’t exhibit Pockels effect due to its
centrosymmetric structure. Co-integration of thimf electro-optic materials possessing a strongedin
electro-optic coefficient on Si has therefore bpesposed as an ideal alternative for more efficiphtise
modulators. Strongly electro-optic thin films ofréeelectric Lead Zirconate Titanate (PZT) grown &n
waveguides allow for Hybrid PZT/Si phase modulatéfs present here a TE/TM electro-optic modulatithn w
bias-free operation, bandwidths beyond 10Ghz, auligible spurious amplitude modulation. The mothda
is a phase shifter which comprises of straight &veguides and thin films of PZT spin-coated on the
waveguides. The phase shifters were experimerth#yacterized by beating the modulated signal \aith
external acousto-optic modulator and evaluating i@ between both signals. This experiment ersafast
and easy characterization of phase modulators asfpof concept
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1. INTRODUCTION

Silicon (Si) platforms are promising and extengivesed for Photonic Integrated Circuits (PICs) amdgrated opto-
electronics. Leveraging CMOS infrastructure andhiilgd index contrast between Si and g{Silicon-On-Insulator (SOI))
allow for small footprint, low cost and scalableCBI However, certain functionalities or componerasnot be realized
or are lacking on the Si (or SOI) platform. First8i has an indirect bandgap which makes light simis(lasers) and
amplification (amplifiers) inefficient. Secondlyud to its centrosymmetric structure, Si doesn’tilekla Pockel's effect
and possesses negligible second order nonlineegstitsility x® , which limits nonlinear functionalities.

To overcome these constraints, extensive reseaslbdéen carried out to integrate different optinaterials on the Si
platform. 11I-V semiconductots grapheng germaniur, highly nonlinear ferroelectric thin filfisre amongst different
new optical materials that have been integratedSoand have allowed optical components such ag kghrcey
photodetectofs’ and modulatofs. Such PICs offer unprecedented functionality fifedent application domains such as
telecommunicatiolf, metrology?, automotivé?, medicat®, security and defen¥e....

Pure phase modulators are a key building blockhe$é PICs for various applications. They are usesbectroscopy
applications to generate phase modulation sidehandelecommunication for data encoding, in optijchase locked
loops, in gyroscopes, in lidars, holographic digplas well as for ultra-fast frequency control atabilization of lasers.
Ideally, such a modulator should have a high badthwhigh modulation efficiency, low loss and shbbnéve no spurious
amplitude modulation. Si modulators based on pladisgersion effects (free carrier depletion or asglation) have high
bandwidth and good modulation efficiency but suffem spurious amplitude modulation and high irisertosses.

As mentioned earlier, heterogeneous integrationbe@n proposed as a route to alternative modulaidestro-optic

modulation based on the Pockels effect inducesealtirefractive index change as a function of appdilectric field and
is an ideal way to obtain phase modulation withligdge spurious amplitude modulation. In this wovke used a novel
approach for the co-integration of strongly eleaipdic thin film of ferro-electric Lead Zirconatet@nate (PZT) on $i.



An intermediate, low-loss lanthanide-based layeuded as a seed for the PZT deposition, as oppos#te highly
absorbing Pt-based seed layers used conventiceadlyling direct deposition of the layer on top biv@veguides. This
allows for Hybrid PZT/Si phase modulators: the cgitifield in the Si waveguide is evanescently cedpb the PZT and
modulated. The thin films are preferentially orehtand possess an effective linear electro-optifficent of up to
250pm/V out of plan®. High-speed phase modulation have recently bemodstrated on a PZT-on-SiN platform and
an effective linear electro-optic coefficient 067 pm/V in plane was report&d

We demonstrate here a TE/TM electro-optic modulatth bias-free operation. The modulator is a pretséier which
comprises of straight Si waveguides and thin filoiPZT spin-coated on the waveguides. The phadteshiwere
experimentally characterized by beating the moédlaignal with an external acousto-optic modulatat evaluating the
ratio between both signals. This experiment endhktsand easy characterization of phase modulasypsoof of concept.

The samples were fabricated in a CMOS pilot linke Tvaveguides are 220 nm thick. TE waveguides 50ein wide
and TM waveguides 750 nm. The waveguides are &dieled by Si@ The PZT films are deposited by chemical solution
deposition (CSD), using a lanthanide-based inteiratedayer as reported in a previous publicdfioRinally, Ti/Au
electrical contacts are patterned in the vicinityhe waveguides using photolithography, thermaperation, and lift-
off. The electrodes are 156 um long for TE stmediand 118 pum long for TM structures.

Figure la shows the top view of the modulator. Feglb shows 3D schematics of the modulator. Figurd show a
schematic of the cross-section (c for quasi TE mdder quasi TM mode). An electric field is applithrough in-plane
electrodes, changing the refractive index in thd RAd hence the effective index of the waveguidelend\ grating
coupler is used for fiber-to-chip coupling.
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Figure 1. Design of a hybrid PZT/Si phase uiatbr.a Top view of modulator. A phase shifter that comgsisf thin films of
PZT grown on Si waveguides. Metal electrodes ap@sited on PZT for poling and modulating sigmechematic of phase shifter.
¢ Schematic of the cross-section of the PZT-coveiegaSeguide. The fundamental TE optical mode eveergdy coupled in the
PZT overlap with the electric field lines (red amrtines) between the electrodesSchematic of the PZT-covered S| waveguide
for TM. PZT thickness, waveguide width, and gapueen the electrodes are, respectively, A0 450nm, and 3um for TE and
150 nm. 750 nmand 5 um for T



The modulators were characterized by the setup shofigure 2. A 50/50 splitter was used to spii pptical field from
a tunable laser between the modulator (DUT) anéxdernal acousto-optic modulator (AOM). Polarizatmontrollers
were used to control the polarization state coufgiétle DUT and AOM. An RF signal was applied te BUUT for electro-
optic phase modulation and this generates sidebamdke input laser beam in the frequency domaiilenthe AOM

induces a 200 MHz frequency shift on the laser belme frequency shifted beam was then mixed wiehgbnerated
sidebands on a photodetector which generates aspmmding RF beat note signal. The photodetectipubis coupled
into an electrical spectrum analyzer (ESA) andréselting phase modulation index and the voltagetle product ML

were determined by evaluating the ratio betweemthim peak power at 200 MHz and the sidebandssasisied below.
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Figure 2. Schematic description of measurérsetup. DUT, device under test (modulator); 508dB splitter ; AOM, acousto-
optic modulator; ESA, electronic spectrum analyzen. RF modulating signal is applied on DUT which getes sidebands in
frequency domain. The output of the DUT is mixedhwautput of AOM unto a photodetector and the capomding RF beat note is
coupled into an ESA. The resulting phase moduldtidex is determined by evaluating the ratio betwe main peak power at 200
MHz and the sidebands.

2. THEORY

The coherent optical field from the lasf, (t) = A;,.e ™t + c.c is fed into the DUT and AOM by an input 3dB sjalitt
The amplitude and phase noise of the laser isgiblgiin the analysis.

The contribution of the output of the AOM to thedtic field at the input of photodetector can kpressed by
Exon(t) o Agopy. e H@20t 4 ¢ . (@H)
Aw is the operating frequency of the AOM (200 MHz).

Phase modulation is induced by an applied rf sigitaloughout this experiment, small phase chargel (rad) is induced.
The phase changgt) can be expressed as follows

$(0) = 2L rin Q) << 1 )
The contribution of the output of DUT to the elécfield at the input of photodetector can be expesl by

E,(t) o A, e i@t=0®) 4 ¢ ¢ (3)

Anrom and A encompasses coupling and losses ( the couplisgddsom splitters, polarization controllers, grgé and
propagation losses), from laser to the photodetebtough AOM and DUT respectively. The fields frahe AOM and
DUT are made to interfere on a photodetector. ota field at input of photodetector can be desdiby

Eror & Appp. e i@t 4 g o=ilwt=0®) 4 ¢ ¢ 4)



The total optical power at photodetector is exprdss
Poc |Epoe|?

For small angle approximaticand neglecting DC and terms in 2wt,

P o< 4(A 4ou- Ag) [COSBwt) — YZXRUSL 1(00s(Aw-Q)t) — cos(Bw+Q))]
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The ratio (or differenc@P in dB) between electrical power &t andAw + Q is

AP dB = 20l0g;o(L2rkist ) ()
3. RESULTS

3.1 Electro-optic characterization

The modulator is a 156/118 um long phase shifteiTf&/TM respectively. The PZT films were ~150nmcthand the
metal electrodes are 3 um apart for TE and 5 pmt &garM. The samples were poled at 30 V for TEhpées and 40 V
for TM samples (i.e. at maximum 10V/um) for 30 niasi prior to the modulation. A CW tunable laser [(FF.0)
operating at C-band (1530-1568) was used as optical souréde combined loss of grating couplers and the ttians
between a bare and PZT-covered waveguide sectiatbidB for TE and= 20dB for TM. The modulating signal for the
DUT is generated through a function/signal gener@fidi TG2511A/ Rohde & Schwarz SMR40). A Gooch &lisego
Fiber Q 1550nm fiber coupled AOM implements thejérency shift. The output from the DUT and AOM wasiigected
to a photodetector (PDB480C-AC) that generateRiRebeat note signal. The photodetector output iplea into the
electrical signal analyzer (Agilent N9010A EXA).

To characterize the modulators, a sinusoidal veltags applied through a ground-signal RF probeurEi@ shows the
electrical spectrum for 5KHz sinusoidal modulatigith 10 dBm (2 Vpp) RF power. Following equationtbe voltage-
length product of the phase shifters was calculédede 4.1 V.cm for the TE modulator and 7.1 V.an TM. For
measuring the phase modulation frequency resparesapplied a sinusoidal voltage with frequenciesaup0 GHz. The
experiment was limited by the bandwidth of the plletector.
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Figure 3. Electrical spectrum for 5 KHz sinusoidadulation with 10 dBm RF powea. TE, VL= 4.1 V.cm;b TM, V,L=7.1
V.cm



The resulting phase modulation index for both TH &M is shown on figure 4. The results show a \enmaof the
modulation index smaller than 12% up to 10 GHmdestrating high speed capabilities of the moduato
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Figure 4. A variation of less than 12% on pirase modulation index as a function of modulafiequency for botta, TE mode
andb, TM mode showing high speed capability

Figure 5 shows the electro-optic response of thdutator at 20 MHz as a function of the amplitudi¢he modulation
signal for both TE and TM modes. The phase modwiatidex (phase change in radians) is plotted fas@ion of the
amplitude of the modulation signal. The linearitlytbe response confirms the electro-optic effectnature of the
modulation. With an optical power meter placedratte phase shifter, no intensity modulation waseobed.
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Figure 5. The electro-optic respons@,0fE andb, TM modulator as a function of modulation voltagepditude. The linear
response of the modulator confirms the electroeamiture of the modulator.

3.2 Device optimization

The presented modulators were not fully optimizedeirms of electro-optic modulation parameters.optimize the
performance of the modulator, the electro-opticriayein the PZT layer has to be maximized. Thedhneportant figures
of merit for phase modulators are the propagatissd, the tuning efficiency expressed in terms of tbéage-length
product (L, and the VL..a. The waveguide propagation lasss calculated as the sum of a contribution caumsethe
electrodes, and a constant intrinsic propagaties & 1dB.cnt?, estimated from previous experiment. The elecptieo
coupling in the PZT layer increases with thinnem@iveguide, smaller electrode spacing and thickar Ryer. Due to
the increase in evanescent mode coupling in thel®yEF, the loss due to electrode absorption irsreéor small electrode
spacing and thick PZT. A trade-off therefore existdveen loss and;\/,, and an optimum can be found with the product
V;L .o for different Si waveguide widths. Simulation riésdor an optimum design for a TE and TM phase oaidr are
plotted in figure 6. The waveguide widths are, eggively 280nm and 300 nm for TE and TM. The waveguide height a
the wavelength are 220 nm, and 18550 An optimum VL..a of 1.2 V.dB or V(L. of 1V.cm for TE (280 nm wide Si



waveguide, 360 nm thick PZT and 4pum electrode sigdeind 4.3 V.dB or 3.6 V.cm for TM (300 nm widev&iveguide,
280nm thick PZT and 3um electrode spacing) careaehed.
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Figure 6. Numerical optimization of a hybrid PZT{iase modulator. Simulation of the waveguide éo&s d), the half-wave voltage-
length produc¥ L (b, €), and their produc¥:L..a (c, f) of a PZT-covered Si waveguide for a wavelength550nm. Waveguide
height and width are, respectively 22@, 280nm for TE and 226m and 300 nm for TM. An optimuma{z.o. of 1.2 V.dB or \ilLx.
of 1V.cm for TE and 4.3 V.dB or 3.6 V.cm for TM che reached.

4. CONCLUSION

We demonstrated a hybrid PZT-Si phase modulatdrvilbaks based on Pockels effect operating for Bdthand TM

modes. Using a relatively simple chemical solutieposition procedure, we co-integrated a thin éfistrongly electro-
optic PZT onto a Si photonic chip. We demonstrétied free, high-speed modulation with 2. \6f 4.1 V.cm for the TE
and 7.1 V.cm for TM using a measurement method dlatvs for fast and easy characterization of phasdulators.
From simulations it is clear that the devices cbirézed in this paper do not yet represent thédions of the platform
and WL~ 1.2V.cm for TE and 3.6 V.cm for TM is achievable.
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