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The rapid expansion of cloud computing and artificial intelligence has driven
the demand for faster optical componentsin data centres to unprecedented
levels. A key advancement in this field is the integration of multiple

photonic components onto asingle chip, enhancing the performance

of optical transceivers. Here silicon photonics, benefiting from mature
fabrication processes, has gained prominence in both academic research
andindustrial applications. The platform combines modulators, switches,
photodetectors and low-loss waveguides on asingle chip. However, emerging
telecommunication standards require modulation speeds that exceed

the capabilities of silicon-based modulators. To address these limitations,
thin-film lithium niobate has been proposed as an alternative to silicon
photonics, offering alow voltage-length product and exceptional high-speed
modulation properties. More recently, the first demonstrations of thin-film
lithium tantalate circuits have emerged, potentially addressing some of the
disadvantages of lithium niobate, enabling areduced bias drift and enhanced
resistance to optical damage. As such, this material arises as a promising
candidate for next-generation photonic platforms. However, a persistent
drawback of such platformsis the lithium contamination, which complicates
integration with CMOS fabrication processes. Here we present for the first
time the integration of lithium tantalate onto a silicon photonics chip. This
integration is achieved without modifying the standard silicon photonics
process designkit. Our device achieves low half-wave voltage (3.5 V), low
insertionloss (2.9 dB) and high-speed operation (>70 GHz), paving the way
for next-generation applications. By minimizing lithium tantalate material
use, our approach reduces costs while leveraging existing silicon photonics
technology advancements, in particular supporting ultra-fast monolithic
germanium photodetectors and established process design kits.

The exponential growthin data network traffic leads to hardly sustain-
able power consumption levels in data centres. Photonic integration,
initially developed onindium phosphide' and more recently onsilicon
photonic (SiPho) platforms, has substantially enhanced datarates while
minimizing power consumption®. Silicon photonic integrated circuits
(Si-PICs) enable the dense integration of complex optical functionalities
on silicon chips. The technology leverages standard fabrication tech-
niques usedinthe CMOS electronicsindustry, allowing for high-volume,

high-yield and low-cost production. A typical SiPho platform (Fig.1) inte-
grates several key components, including Si waveguides with dopants
for high-speed modulation, heaters for efficient low-speed thermal tun-
ing, asiliconnitride (SiN) layer for low-loss propagation and high-quality
filtering, and germanium photodetectors. The latter have demonstrated
bandwidths exceeding 200 GHz (ref. 3). However, emerging standards*
may require baud rates surpassing 200 GBd, which exceed the perfor-
mance limits of current Si photonic modulators.
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Fig.1|Next-generation high-speed SiPho platform. a, Generic view of a state-of-
the-art SiPho platform with its basic components. b, Cross-section of the vision
ofahigh-speed Si-PIC: next to the components already offered, lithium tantalate

Grating couplers

Standard components
on the SiPho platform

Splitters

Low footprint circuits

Si/SiN transitions

Top view 30 pm———

(LiTaO;) modulators need to be integrated. ¢, SEM (colourized) picture after the
integration of LiTaO, on a Si-PIC and focused ion beam cross-section (colourized)
ofaheterogeneous EO device on a Si-PIC.

To overcome this limitation, various alternative platforms are
under investigation. Here the heterogeneous integration of novel
electro-optic (EO) materials on Si-PICs is gaining substantial atten-
tion. Barium titanate (BTO) presents a promising option owing to its
capability for direct growth on Silayers and its compatibility with CMOS
fabrication processes’. While high-speed operation has been achieved,
challenges such as high permittivity dispersion and the requirement
for a constant bias persist. Alternative approaches include the integra-
tion of organic materials®, plasmonics”, llI-V semiconductors™*?and
graphene” ¢, However, thin-film lithium niobate (TFLN) has emerged
as astandout material, offeringacombination of low optical lossand a
strong, fast EO Pockels effect”. In demonstrations, bandwidths exceed-
ing100 GHz (ref.18) have been achieved on monolithic TFLN platforms.
Moreover, lithium niobate (LiNbO;) has been heterogeneously inte-
grated onto Siand SiN platforms. Heterogeneous integration allows to
combinethe mature SiPho platforms and their components (for exam-
ple, high-speed photodetectors) with a high-speed LiNbO, modulator.

Veryrecently, lithiumtantalate (LiTaO,) hasemerged as analterna-
tive to LiNbO; (refs. 19-22). The material has a similar EO coefficient
as LiNbO;. Yet, it shows a much weaker photorefractive effect and a
higher damage threshold. More recently, the first demonstrations of
thin-film lithium tantalate circuits have emerged, addressing some
of the disadvantages of lithium niobate. For example, in a number of
experiments, itseems that LiTaO, enables areduced bias drift****.So
far, only demonstrations on a monolithic platform have been shown.
As withmonolithic LiNbO, optical waveguide platforms, however, the
route towards high volume productionin CMOS fabsis less clear owing
to the contamination caused by lithium®. Moreover, the integration
of other components, such as high-speed detectors, is not obvious
atthe moment.

In this work, we present the first demonstration of the heteroge-
neous integration of LiTaO; onto a Si-PIC. The integrated modulator
is compatible with the Si-PIC’s process design kit (PDK), ensuring full
compatibility with platform components and enabling their optimal

functionality. Leveraging the existing PDK, we achieve seamless inte-
gration of EO components without compromising the performance of
the established. Using a back-end of line integration approach, based
on micro-transfer printing (LTP)**?, we ensure compatibility with the
entire wafer stack, facilitating co-integration with critical components
suchasheaters, filtersand germanium photodetectors (Extended Data
Fig.4).A conceptual view of the heterogeneous platformisillustrated
in Fig. 1. Heterogeneous integration techniques such as die-to-wafer
and wafer-to-wafer bonding®® as well as uTP**** have been success-
fully used for the heterogeneous integration of LiNbO; onto SiPho
platforms. Although die and wafer bonding are more established tech-
niquesinindustry, thelatteris limited by the size of the current widely
available150 mm TFLN wafers. However, the recent availability of larger
200 mm LiNbO, wafers enables now the full coverage of 200 mm SiPho
wafers. A key advantage of both the die-to-wafer and wafer-to-wafer
bonded LiNbO;films liesinits relaxed alignment tolerances, as device
positioning is defined by lithographic techniques. In this work, uTP
was used for the heterogeneous integration of the LiTaO; membranes.
Thistechnique offers, for example, for LiNbO,, a versatile approach for
back-end of line integration of pre-fabricated (poled) LiNbO; devices
onto SiPho platforms®*, while minimizing post-processing complexity
and contaminationrisks. uTP further enables three-dimensional inte-
grationinto deep recesses, supports low-temperature post-processing
and allows integration on wafers of any size. In addition, it facilitates
multi-material integration, broadening the scope of heterogeneous
device architectures”.

The unbalanced Mach-Zehnder modulator (MZM), presented asa
demonstratorin this work, achieves ameasured bandwidth exceeding
70 GHz (limited by measurement equipment) and is estimated to reach
90 GHz.Italso exhibits a voltage-length product of2.3 V cm, compara-
ble to recent results from monolithic LiTaO, platforms®. Furthermore,
the hybrid phase modulator in the arms of the Mach-Zehnder has a
total insertion loss of 2.9 dB, dominated by metal losses caused by
afabrication misalignment (1.6 dB). Finally, data modulation up to
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Fig.2|Integration flow of LiTaO; 0on aSiPho chip. a, Architecture of the
passive Siand SiN circuitry and corresponding optical microscope picture.

b, Architecture of the hybrid modulator after the integration of the LiTaO, and
corresponding optical microscope picture. ¢, Architecture of the MZM after

Integration of EO material
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the fabrication of the electrodes and corresponding optical microscope
picture. G, ground; S, signal.d, Overview of a7-mm-long heterogeneous Siand
SiN/LiTaO; MZM.

190 GBaud is successfully demonstrated, highlighting the potential of
this approach for next-generation high-speed photonicapplications.

Results

Design and fabrication of the LiTaO, modulator

The device architecture relies on an MZM implemented on a cutting-
edge Si-PIC platform (imeciSiPP200). A subset of the commercial plat-
formisused for device layout and circuit routing. Here only the silicon
and silicon nitride waveguide layers are processed. The routing and
splitting in the modulator is done in the silicon waveguide layer. The
50:50 splitter and combiner in the MZM are 1 x 2 multi-mode interfer-
ometers (MMIs), which are available inthe PDK. Light is coupledinand
out of the chip using grating couplers, and routing is performed by
single-mode waveguides, which areincluded inthe PDK. The schematic
of the passive device architecture and an optical microscope picture
of the fabricated circuit are depicted in Fig. 2a.

In a back-end of line heterogeneous integration step, X-cut
thin-film LiTaO, is incorporated onto both arms of the MZI, hence
enabling hybrid phase modulators. The integration of this EO mate-
rialis achieved using pTP technology®**. The uTP process allows for
the transfer of thin films with a large length-to-width ratio. Here a
commercial LiTaO;-on-insulator (LTOI) wafer is used as the source for
the transfer, on which suspended LiTaO; membranes are prepared.
These measure 300 nm in thickness, 30 pm in width and 7 mm in
length. Details on the fabrication process flow of the suspended
membranes and the back-end integration are provided in Methods
and in Extended Data Fig. 1.

These membranes are then transferred to the photonic chip using
acommercial micro-transfer printer, after applyinga 50-nm-thick layer
of benzocyclobutene (BCB) on the chip as an adhesive. A schematic of

the device and the corresponding optical microscope pictures after
the successful integration of the LiTaO, on the platformareillustrated
inFig. 2b. Utilizing the versatility of the uTP approach, the modulator
operates in a push-pull configuration, with the printed LiTaO; mem-
branes oriented 180° relative to one another. This allows the use of
integrated electronic drivers with adifferential output”. The influence
of u TP onthe SiPhocircuitryis investigated in Extended DataFig. 5 and
found to be negligible.

Afterintegration, the final metallization step involves depositing
a20 nmlayer of titanium (Ti) followed by a1 um layer of gold (Au) using
alift-off process. This step is required to form the metal electrodes
configured in a ground-signal-signal-ground (GSSG) arrangement
ontop of the device arms. The schematic of the finalized MZM, along
withadetailed optical microscope view, is shown in Fig.2c. The entire
modulator isdepictedin Fig. 2d.

Acritical feature of the deviceis the efficient coupling of light from
the Si waveguide to the hybrid EO section of the MZM. This coupling
isachieved through an adiabatic transition. In the design, both the Si
and theSiN layers of the Si photonic platform are utilized to minimize
the coupling loss into the EO structure. A schematic of the coupling
structure, along with the optical mode profiles for each region of inter-
est,isshownin Fig. 3. With the vertical tri-layer stack of Si/SiN/LiTa0O,, a
transitionis designed to be robust against fabrication geometry varia-
tions, for example, the layer thickness of SiN and LiTaO, or waveguide
dimensions. The simulated transmission efficiency, depicted in Fig. 3b,
iscomputed using the eigenmode expansion method implementedin
the commercial software Ansys Lumerical MODE (2022 R2), for arange
oftaper lengths, and shows that acoupling efficiency of virtually 100%
ispossibleinthis hybrid structure. Further details onthe adiabatic tran-
sitiondesign are provided in Methods. Excluding the coupling section,
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Fig. 3| Transition from the Si waveguide to the hybrid modulator. a, Schematic
ofthe tri-layer adiabatic transition: mode profiles in the regions of interest are
added. b, Expected transmission from a Si waveguide to a hybrid SiN/LiTaO,
phase modulator and (inset) cross-section of the passive stack of an MZM arm.

the effective length of the active EO SiN/LiTaO, waveguide is reduced to
6.6 mm, compared to the original 7 mmlength of the modulator arms,
since a200 pm transition length was chosen.

Performances of the modulator

The fabricated MZMs are characterized both optically and electro-
optically. Initial characterization involves a transmission wave-
length sweep in the O band, spanning from 1,300 nm to 1,325 nm.
Continuous-wave optical power is coupled to the chip using a tun-
able laser. Through an optical fibre and a polarization controller, the
transverse electricmodeis exited inthe waveguide viaagrating coupler.
The optical power transmitted through the MZM is recorded using a
power meter, while on the same structure set, a reference waveguide
transmission sweep is conducted to account for the contributions of
the grating couplers and Si routing.

Theresulting normalized MZM transmission spectrumis plotted
in Fig. 4a, where the interference pattern reveals a spectral interfero-
metric patternwith afree spectral range of 4 nm and an extinction ratio
of 28 dB at a wavelength of 1,310 nm. Similar results are illustrated
in Extended Data Fig. 2 for all MZMs. However, beyond the 3.8 dB
insertion loss of the MZM structure defined by the platform PDK, the
high-speed EO modulation section introduces an additional 2.9 dB
insertion loss, including coupling (0.6 dB) and propagation losses
(0.7 dB). The remaininglossisattributed to a misalignment of around
0.6 um of the final Au layer, which introduces an additional 1.6 dB of
optical loss. Further details on the losses of the MZM are available in
Extended Data Table 2.

Next, the deviceis operatedina quasi-DC modulation experiment.
The transmitted continuous-wave optical signal is modulated at low
electrical frequencies to characterize the half-wave voltage (V,). The
deviceis driven by aradio frequency (RF) triangular wave at 100 kHz,
generated by an RF signal generator, while the optical wavelength of
1,309.26 nmis chosento correspond to the quadrature operating point
ofthe modulator, enabling operationinthelinear modulation regime.
The electrical signal is applied to the device using an RF probe, and
the optical power transmitted through the device is recorded using
a photodetector and an oscilloscope. This result is then plotted as a
function of the applied voltage. The results, shownin Fig. 4b, reveal a
V,of 7.0 V for a single phase shifter (one arm of the MZM), which cor-
responds to 3.5 Vinthe push-pullamplitude modulation configuration
(botharms ofthe MZM). This yields a voltage-length product (V,L) of

2.3 Vcm, consistent with recent reports on LiTaO, MZMs fabricated
onthe LTOI platform*-**. Moreover, when comparing this result to the
expected V, curve, calculated using finite element method simulations
in combination with an analytical model, it demonstrates excellent
agreement with the measurement as depictedin the overlayinFig.4b.
More information on the simulation of V, is available in Methods.

The high-speed response of the device is characterized in
twofold: first, the electrodes are characterized by performing an
electrical-to-electrical (EE) measurement, and afterwards, the full
electrical-to-optical-to-electrical (EOE) response is measured. The
EE responses are measured with a vector networkanalyser (VNA) con-
nected to the chip with a set of GSSG probes, as shownin Fig. 5a. Here
the electrical transmission of the transmission lines is characterized.
This measurement is carried out on two different chips. On the first
chip, the modulator is fabricated on a wafer with aregular Sisubstrate.
In the second case, a high-resistivity (HR) Si substrate is used as the
wafer substrate. The comparison between the two lines, presented in
Fig.5b, demonstrates aclear enhancement of the RF bandwidth when
using the HR Si substrate owing to lower absorption loss of the RF wave
in the substrate. The high-resistive silicon substrate with very few
free carriers has alowloss tangent, and the silicon substrate RF losses
become negligible. The losses in the RF transmission line are in this
case mainly dominated by losses of the metal lines. By reducing these
substrate losses, the bandwidth can be increased, mainly by avoiding
therapidincrease of the substrate RF losses with frequency?**.

The EOE response of the MZMs, fabricated on a standard and
an HR Si substrate, is then measured using a similar experimental
set-up (Fig. 5¢). The device is connected to one port of the VNA using
a GS probe on one side, and the opposite side of the device is termi-
nated witha 50 Qload, to preventelectrical reflections at the far side.
Continuous-wave optical poweris coupled from the laser to the Si-PIC
withan optical fibre, transmitted through the MZM, out-coupled and
converted into an electrical signal by ahigh-speed photodetector. The
resulting signalis received at the second port of the VNA. The EOE fre-
quency response of the MZMsis presented in Fig. 5d for bothmodulator
types. Again, the device with an HR substrate demonstrates a much
higher 3 dB cut-offfrequency in excess of 70 GHz, limited by the experi-
mental set-up (the bandwidth of the VNA and the photodetector).

Data transmission

Asademonstration, the device is utilized in alink to transmit data for
whichtheset-upis presented in Fig. 6a. A differential signal, generated
by a 256 GS s™ arbitrary waveform generator (AWG), is applied to the
device using a GSSG probe. A second probe is used to terminate the
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Fig.4|Quasi-DC characterization of the modulator. a, Measurement of the
modulator transmission as a function of wavelength. b, Normalized transmission
ofthe modulator as a function of applied voltage as well as the simulated
response and (inset) cross-section of the full stack of an MZM arm.
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(d), 112 GBaud PAM4 (e) and 140 GBaud PAM4 (f); all figures used correction at
the transmitter side and a 64-tap FFE on the receiver side; however, no offline
digital post-processing was done.

device onthe opposite side of the transmission line with two 50 Q loads
to prevent electrical reflections. The optical signal is amplified using
apraseodymium-doped fibre amplifier (PDFA) before being detected
by a high-speed photodetector. The detected signal is subsequently
recorded using a sampling oscilloscope. To optimize the transmis-
sion, thelink is characterized to facilitate the equalization of the sig-
nal generated by the AWG. As such, clear eye diagrams are generated.
Extended Data Fig. 4 shows the measured frequency response of the
data transmission link (magnitude in a and phase in b), which is com-
pensated at the AWG. A noticeable performance drop-offis observedin
thelink characterization around 70 GHz, attributed to the bandwidth

limitations of theelectrical cables, RF probes, the high-speed photode-
tector and the AWG. All transmitted signals are based on standardized
pseudorandom bit sequences (PRBS-15).

A 64-tap feed-forward equalization (FFE) algorithm is applied
at the receiver end, using the sampling oscilloscope’s software to
enhance the received signal. Figure 6b presents the measured bit
error rate (BER) derived from the generated eye diagrams using both
non-return-to-zero (NRZ) and pulse-amplitude modulation 4-level
(PAM4) formats. A dashed line indicates the BER threshold for a for-
ward error correction (FEC) algorithm with an overhead of 15%. The
lower limit of the plot, at 3 x 107, indicates the error rate threshold
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below which statistically significant assessments could not be made,
owing to the limited number of bits transmitted during the demonstra-
tion. Figure 6 also includes representative eye diagrams, all of which
incorporate FFE.

Discussion
Performance improvement
High-speed hybrid EOQ/Si-PIC modulators are designed for integra-
tioninto datacommunication systems, encompassing both inter- and
intra-datacentrelinks to enable massive data transmission. Insuch sys-
tems, power consumptionisacritical parameter. The presented devices
demonstrate considerable potential for further optimization in this
regard, particularly through the reduction of electrical driving power.
Recently, high-quality etching of LiTaO, has been demonstrated?.
By using this etching process, the LiTaO, layer in the hybrid modula-
tor can be patterned. The patterned LiTaO, layers would allow for
better confinement and hence a stronger EO effect as the electrode
separation can be reduced (Extended Data Fig. 3). Consequently, the
gap can be reduced from 5.5 pm to 3.4 um, resulting in a stronger RF
field and a lower simulated V, of 2.7V, corresponding to a simulated
voltage-length product of 1.8 V cm. As discussed in Methods, for this
configuration, efficient adiabatic couplers can be made on the platform
that allow for high coupling efficiency of more than 99%. Moreover,
proper design allows similar very high coupling efficiencies (>99%)
for transverse misalignments of the LiTaO, ridge waveguide of up to
0.5 um. These misalignments remain within the alignment accuracy
specifications of wafer-scale uTP tools.

Conclusion

The successful heterogeneous integration of lithium tantalate onto
aSiPho platform with minimal insertion loss is demonstrated. Imple-
mented on astandard 200 mm Si-PIC platform, our approach ensures
seamless integration with existing platform PDK components while
preserving their performance. By leveraging back-end integration,
we maintain compatibility across the entire wafer stack, enabling effi-
cient co-integration with critical components such as waveguides,
heaters, filters and germanium photodetectors. The manufactured
MZM achieves a measured bandwidth exceeding 70 GHz, limited by
the measurement set-up, and exhibits a voltage-length product of
2.3 Vcmcomparable to the demonstrated LTOI platforms. The hybrid
phase modulatorsinthe MZM armsinduce an additional 2.9 dBinser-
tionloss. Lastly, high-speed transmission experiments are performed,
reaching symbol rates of 190 GBaud (NRZ) and datarates of more than
320 Gbit s™ (PAM4).

These results mark a notable step towards high-speed, high-
performance hybrid lithium tantalate photonic platforms. They pave
theway forscalable, industry-compatible EQ integration for low-energy
consumption data communication links that can be fabricated in
high volumes.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41566-025-01832-9.
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Methods

Process flow for heterogeneous LiTaO, integration

The fabrication of suspended LiTaO; membranes starts witha300 nm
LiTaO,, on2 pmoxide, on a Si substrate wafer (Extended Data Fig. 1a).
TheLiTaO,is patternedintorectangles of 30 pm x 7mmwithultraviolet
(UV) lithography, using anamorphous silicon (aSi) hard mask suitable
foranargon-based reactive ion etching (RIE). The aSi hard maskis then
removed inapotassiumhydroxide solution (Extended DataFig.1b). As
asecondstep, the oxide layer is patterned with UV lithography and RIE,
after which the oxide is etched down to the Si substrate (Extended Data
Fig. 1c). A mechanical encapsulation layer is then added, consisting
of a photoresist layer exposed with UV lithography, which is subse-
quently developed. The patternsin the photoresist encapsulationare
made in order to define mechanical links from the Si substrate to the
LiTaO; membranes, allowing for the suspension of LiTaO; when the
devicesarereleased (Extended DataFig.1d). Thelast stepisthe releas-
ing of the LiTaO; membranes in a wet etchant: buffered hydrofluoric
acid (Extended Data Fig. 1e). The picture from Extended Data Fig. 1f
showsanoverview of the final sample. In this picture, 21 membranes of
30 um x 7 mm are located onasample of 2 mm x 7 mm. The membrane
density is 1.5 membranes per mm?, and for a 4-inch wafer, the total
number of membranes would be more than12,000.

Atthis step, the membranes are ready to beintegrated on a differ-
entsubstrate. That substrate is prepared following the known practices
of SiPho platforms. Inthis case, the Siand SiN device layersin theimec
iSiPP200 platformare used. Starting from asilicon-on-insulator wafer
witha220 nmdevice layer, the Silayeris patterned with 2 etch depths
(70 nmand 220 nm). Next, the wafer is planarized and aSiN layer witha
thickness of 300 nmis deposited. This layer is patterned (with a full etch
of 300 nm) and cladded in oxide, after which the wafer is planarized.

The prepared membranes are then picked using a polymer PDMS
stamp, driven by acommercial micro-transfer printer tool (Extended
Data Fig. 1g). For better adhesion, a BCB buffer layer is applied to the
target before printing. The membranes are then placed on the host
substrate, and the stamp is retracted, leaving the membrane at its
final location (Extended Data Fig. 1h). The photoresist encapsulation
issubsequently removed using an RIE oxygen plasma (Extended Data
Fig. 1i), after which the BCB layer is cured at 280 °C for 90 min. An
example of a Si chip with a cascade of -mm-long LiTaO, sections used
asaninsertion loss test structure is depicted in Extended Data Fig. 1j.

On top of the loss characterization test structures, the integra-
tion of LiTaO,; membranes is done for four MZM devices. Toillustrate
the stability of the process flow, the transmission as a function of the
wavelengthofthe devicesis recorded and presented in Extended Data
Fig.2. The 4 devices, combining 8 LiTaO, integrated membranes in
total, show similar results with an extinction ratio >25 dB for the peak
near 1,310 nm. The wavelength sweeps in Extended Data Fig. 2 are
normalized by subtracting the grating couplers and routing outside
the actual MZM.

Loss characterization

Twokinds of optical loss contribution can be distinguished: propaga-
tionloss throughthe hybrid SiN/LiTaO; waveguide and the coupling or
transition loss to get light from a Si waveguide to a hybrid SiN/LiTaO,
waveguide (see adiabatic coupling for more details on this transition).
To determine the propagationloss, hybrid SiN/LiTaO, waveguides with
different lengths are fabricated. These are indicated as S1and S2 in
Extended Data Table 1and have a propagation length of respectively
0.66 mmand 6.66 mm. For the transitions, two structures are prepared
where one has only two transitions (one in, one out) and the other one
has 28 transitions. Those are indicated as S3 and S4 in Extended Data
Tablelandhave, intotal, the same propagation length. Comparingthe
transmission of all structures and taking the propagation loss in the Si
waveguidesintoaccount,apropagationlossof1.0 + 0.5 dB cm™anda
transitionloss of 0.3 + 0.1 dB per transition can be deduced.

All component losses inside the MZM are also listed in Extended
Data Table 2. The losses of the MMl splitter (C1) and Si routing (C2) are
measured from the process control structures on the same chip. The
transition from Sito SiN/LiTa0O, (C3) and the propagation through the
hybrid SiN/LiTaO, (C4) are extracted from the loss test structures as
described above. Also, the introduction of metal traces on top of the
LiTaO, (C5) introduces extra loss. A misalignment of about 600 nm
is observed and can be seen in the focused ion beam cut. As no test
structures are available to quantify this loss, a finite element method
simulation was carried out in COMSOL to identify its contribution to
bel.6 dB.

Adiabatic coupling from Si platform to the hybrid LiTaO,
modulator

An adiabatic tapering structure is optimized to efficiently couple the
light from the Si waveguide to the EO section. This section describes
the design for two versions of this coupling structure: the first is the
taper sectionreferred to whendescribing the fabricated chips (hybrid
SiN/LiTaO;-on-Si modulator), and the secondis the version described
in the discussion about performance improvement (LiTaO;-on-Si
modulator).

Atthestartofthefirst version of the transition, light remains con-
fined within the Si waveguide despite the introduction of the LiTaO,
layer, owing to the substantial refractive index contrast between the
two materials as shownin Fig. 3a. At this stage, the relevant material
stack consists of a 380 nm x 220 nm Si waveguide, encapsulated
by a 500-nm-thick oxide layer and on top of that a 30 um x 300 nm
LiTaO, layer. Further in the transition structure, a 300 nm SiN layer
isintroduced, positioned 150 nm above the Si and 70 nm below the
LiTaO, (Fig. 3a(i)). At this point, the SiN waveguide is tapered from
anarrow tip (150 nm), ensuring that the optical mode remains pre-
dominantly in the Si, with minimal influence from that SiN taper
tip. Subsequently, the SiN waveguide undergoes an adiabatic width
expansion, after which the Si waveguide tapers down to 150 nm, facili-
tating a gradual transition of the optical mode from Si to the hybrid
SiN/LiTaO; configuration (Fig. 3a(ii)). The SiN widthis then adjusted
to its final value of 900 nm to achieve the optimal confinement of
the hybrid mode (Fig. 3a(iii)), determined as a trade-off between
minimizing V, by having as much as possible of the light in the LiTaO,
layer and mitigating subsequent metal-induced losses by achieving
sufficient confinement. In this configuration, the lateral alignment
of the LiTaO, with the Si/SiN waveguides does not notably affect the
efficiency of the transition. The taper dimensions are optimized using
an eigenmode expansion solver in Lumerical, resultingin afinal taper
length of 200 um. It should be noted that if the stack were cladded
in oxide, this taper will have to be elongated in order to achieve the
same performance.

As outlined in the main text discussion, the use of a patterned
LiTaO, ridge waveguide enhances the modulator performance but
requiresan adjustment of the adiabatic transition geometry. Inthe first
partofthe transition, up until the hybrid LiTaO,/SiN mode, the design
is still similar (transition 1in Extended Data Fig. 3a). Then, a second
transitionisadded to the design (transition 2 in Extended Data Fig. 3a),
where the modeis pushed from the hybrid SiN/LiTaO, (Extended Data
Fig.3a(i)) toapatterned LiTaO, configuration by introducinga300 nm
ridge waveguide ontop of the slab (Extended Data Fig. 3a(ii)). The ridge
waveguide starts with a taper tip of 150 nm and ends with a width of
1.35 umafterawidth expansion over 50 pm. The last step of the transi-
tionistotaper downthe SiN below (from 900 nm to 150 nm over 10 um)
toobtainapure LTOlwaveguide mode (Extended Data Fig. 3a(iii)). For
this configuration, the designis sensitive to the lateral alignment of the
SiN and LiTaO, waveguides. Nevertheless, with the typical alignment
accuracy of the transfer printing technology of 500 nm 3¢, the coupling
efficiency remains >99%, as seen in Extended Data Fig. 3b, making this
configuration feasible using the process flow presented in this work.
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Half-wave voltage calculation

Asdescribed before, bothan MZM with hybrid SiN/LiTaO, EO sections
and an MZM with LTOI ridge waveguide EO sections are considered
in the V, calculation. The simulations are done using a combination
of multiple finite element method simulations in COMSOL and an
analytical model. The EO phase shift (Ag) experienced by an MZM in
apush-pull configuration is governed by the following expression:

2”’1: I'ry; VL
neff/lG

where n,=2.1269 is the extraordinary refractive index, I represents
the overlap factor between the RF and optical modes, r;;=30.5 pm V!
is the EO coefficient of LiTaO,, Vis the applied voltage, L = 6.6 mm is
the effective length of one modulator arm, 1=1,310 nmis the optical
wavelength, nisthe effective refractiveindex of the optical mode and
Gdenotesthe electrode gap. The simulated parameters (I, n.sand G)
arelisted in Extended Data Table 3.

From these simulations, the optimal electrode gap in the ridge
configuration is smaller, which stems from the fact that the optical
mode is more confined than in the hybrid waveguide, leading to the
same opticalloss fromthe metal (0.6 dB cm™). Using the equation and
the simulation results, the theoretical values of V, for an EO section
with 6.6 mm length are calculated to be 3.6 V for the slab push-pull
configuration and 2.7 V for the ridge push-pull configuration. The
former value shows excellent agreement with measurements, whereas
the latter configuration has not yet been fabricated and tested.

Ap = a

Impact of pTP on SiPho components

To evaluate the influence of uTP on SiPho devices, we focused on two
representative components: aSiN ring resonator and a Si opticalfilter.
Both structures were characterized before and after heterogeneous
integration, including all uTP-related post-processing steps.

Before any processing, the ring resonator with a radius of
50 um underwent a wavelength sweep around 1,310 nm, and a
Q-factor of 104,005 was extracted. Following pTP and all associated
post-processing steps, the same measurements were repeated, which
revealed a Q-factor of105,376. This variation remains within the bounds
of measurementaccuracy.

Furthermore, asillustrated in Extended Data Fig. 5, an optical filter
(Extended Data Fig. 5a) was investigated, where light enters through
the input port and propagates through a series of slightly detuned
ring resonators. Each ring selectively couples a specific wavelength,
enabling distinct spectral channels to emerge at the corresponding
output ports. The wavelength sweeps on this filter show almost iden-
tical performance before (Extended Data Fig. 5b) and after (Extended
DataFig.5¢c) uTP, includingall the post-processing steps. These findings
suggest that even more complex devices available within the SiPho
platform are likely unaffected by the heterogeneous integration of
LiTaO,viapTP.

Data availability

The datasets generated during and/or analysed during the current
study are available from the corresponding authors on reasonable
request.
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Extended Data Table 1| Description and measured transmission for all test structures needed to determine the propagation

loss and transition loss of the LiTaO; slabs

Amount of membranes (#) Length of propagation in Amount of transitions (#) Si propagation loss (dB) Transmission at 1310 nm (dB)
SiN/LiTaO; (mm)

1 0.6 2 0.2+0.01 -8.2+0.2

1 6.6 2 0.2+0.01 -8.8+02

1 0.3 2 0.4+0.01 -81+0.2

1 0.3 28 2.5+0.04 -16.8+0.2
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Extended Data Table 2 | Measurement of the loss for each component of the MZM, allowing to extract the contribution to the
insertion loss from the Si-PIC PDK and the back-end integration process

Label Component Loss in the MZM
(o1} MM splitters 0.8+0.2

C2 Sirouting inside MZM 3.0+04

C3 Transitions (Si to SiN/LiTaO,) 0.6+0.2

Cc4 EO section (SiN/LiTaO;) 0.7+0.3

C5 Metal misalignment 1.6+01

Measurement of the loss for each component of the MZM, allowing to extract the contribution to the insertion loss from the Si-PIC PDK (C1and C2) and the back-end integration process (C3,
C4 and C5).
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Extended Data Table 3 | Parameters for a hybrid EO MZM and a ridge EO MZM configuration

Parameter Hybrid EO waveguide Ridge EO waveguide Unit
r 0.454 0.393 -
Nogs 1.852 1.961 =

G 5.5 3.4 um
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(a) LiTaO5 wafer (b) LiTaO; etching (c) Oxide etching (d) Encapsulation (e) Releasing
N\
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/ / R "\\» :\ -
\ _ < ==
—30um § S y

LiTaO4 Oxide Silicon Photoresist
(f) Top view of an array of LiTaO; suspended membranes l

(g) Picking (h) Printing (i) Encapsulation removal (j) Top view of transfered membranes

PDMS Si/SiN target
Extended DataFig. 1| Description of the successive steps for the encapsulation of the structures. (e) Undercutting (releasing) of the oxide layer,
fabrication and printing of suspended LiTaO; membranes with a schematic making the structures suspended. (f) Top view of the sample with suspended
representation as well as a microscope picture. (a) LiTaO, (300 nm) / LiTa0,. (g) picking of the suspended LiTaO,. (h) Printing of the LiTaO;0on a
oxide (2 um) / Siwafer (substrate) starting point. (b) Patterning of the LiTaO; pre-processed external chip. (i) Encapsulation removal. (j) Top view of a few

membranes. (¢) Patterning of the oxide release layer. (d) Photoresist mechanical successfully printed LiTaO, membranes.
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contribution from the Si-PIC components (C1and C2 from Extended Data Table 2)
and the contribution of the back-end integration process (C3, C4 and C5 from
Extended Data Table 2) are described on top of the graphs.

Extended DataFig. 2| Transmission measurements for four fabricated
MZMs. Transmission (T) measurements for four fabricated MZMs. The losses
from the grating couplers and external routing are removed. The insertion loss
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Extended DataFig. 3| Transition from the Si waveguide toaLiTaO,ridge the regions of interest are added. (b) Expected transmission from a Si waveguide
waveguide. Transition from the Si waveguide to a LiTaO;-on-insulator ridge toaridgeLiTaO; waveguide as a function of the lateral misalignment. (inset)
waveguide. (a) Schematic of the tri-layer adiabatic transition. Mode profilesin Mode in the LiTaO;-on-insulator waveguide.
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Extended DataFig. 4 | Data transmission link characterisation. (a) Amplitude and (b) phase characteristic of the data transmission link, used to generate
eye diagrams.
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Extended DataFig. 5| Impact of micro-transfer printing on an optical filter. (a) Schematic representation of the optical filter (b) Spectrum before heterogeneous
integration of LiTaO,. (c) Spectrum after heterogeneous integration of LiTaO;, showing very little influence of the micro-transfer printed LiTaO; membranes.
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