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Electro-optic modulation, the imprinting of a radio-frequency (RF) waveform on an
optical carrier, is one of the most important photonics functions, being crucial for
high-bandwidth signal generation, optical switching, waveform shaping, data
communications, ultrafast measurements, sampling, timing and ranging, and RF
photonics. Although silicon (Si) photonic electro-optic modulators (EOMs) can be
fabricated using wafer-scale technology compatible with the semiconductor industry,
such devices do not exceed an electrical 3-dB bandwidth of about 50 GHz [1], whereas
many applications require higher RF frequencies. Bulk Lithium Niobate (LN) [2] and
etched LN modulators [3] can scale to higher bandwidths, but are not integrated with

the Si photonics fabrication process adopted widely over the last decade. As an
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alternative, an ultra-high-bandwidth Mach-Zehnder EOM based on Si photonics is
shown, made using conventional lithography and wafer-scale fabrication, bonded to
an unpatterned LN thin film. This hybrid LN-Si MZM achieves beyond 100 GHz 3-dB
electrical bandwidth. Our design integrates silicon photonics light input/output and
optical components, including directional couplers, low-radius bends, and path-
length difference segments, realized in a foundry Si photonics process [4]. The use of
a simple low-temperature (200°C) back-end integration process to bond a postage-
stamp-sized piece of LN where desired, and achieving light routing into and out of LN
to harness its electro-optic property without any etching or patterning of the LN film,

may be broadly-useful strategies for advanced integrated opto-electronic microchips.

Mach-Zehnder modulators (MZM) consist of light being split equally into two pathways, each
experiencing a voltage-driven optical phase shift, typically between 0 and n/2 radians in
each arm with opposing signs, and recombining to result in controllable optical transmission.
The MZM structure is one of the most widely-used EOM’s in practical applications, and LN is
a suitable and tested material for high-speed and high-bandwidth EOM, with stand-alone
MZM devices having reached 110 GHz optical (70 GHz electrical) 3-dB bandwidth about two
decades ago in an unpackaged device [2]. However, the traditional design and fabrication
approach of LN MZM'’s, based on ion exchange or implantation into bulk LN, is a relatively
slow, expensive and labor-intensive process, which is not compatible with the complex,
multi-functional integrated optics microchips being currently developed and deployed. As a
step towards integrated modulators, a variety of approaches using thin-film LN [5, 6] have

been reported [7, 8, 9, 10, 11]. The ability to match the optical and microwave indices by



varying the dimensions of the LN layer and the rib-loading Si waveguide offer new design
opportunities to achieve true optical-RF phase matching to very high frequencies without
artificial velocity matching structures. Indeed, electro-optic modulation sidebands have been
measured to several hundred gigahertz (though not the 3-dB point) for ridge waveguide LN
EOMs [12]. The combination of beyond-100 GHz electrical (3-dB) bandwidth and a design /
fabrication approach and compatible materials (e.g., oxide, rather than polymeric, bonding
layers, and aluminum, rather than gold, electrodes) that is compatible with, and leverages,
wafer-scale and foundry-based approaches popularized by Si photonics would be a
significant advancement from both a performance and a practical (e.g. fabrication, cost,

scalability) perspective.

In our fabrication approach, depicted in Fig. 1, MZM’s were built on a silicon photonics
platform, using photolithography on silicon-on-insulator wafers (220 nm Si thickness, 3 pum
oxide thickness) and did not require sub-resolution features unlike most plasmonic or
polymeric slot modulators [13, 14]. Silicon thinning (down to 150 nm) and feature
patterning were followed by oxide deposition and subsequent chemical mechanical
polishing and oxide thinning by a timed wet etch (diluted hydrofluoric acid) process. After
die segmentation, commercially-procured x-cut thin-film LN on insulator (NanoLN, Jinan
Jingzheng Electronics Co. Ltd.) was bonded over a large area (~1 cm?2) with a pressure of 45
kPa, but not processed further (e.g., no etching [9, 15] or sawing [16] of LN was performed).
Oxide bonding was done at room temperature after surface cleaning and surface plasma
activation steps. The bonded sample was thermally annealed at 200°C for one hour under

pressure. The bonded stack has been shown to withstand repeated temperature-cycling to



atleast 300°C [17], sufficient for the post-processing required here. In fact, several fabricated
chips were repeatedly processed, after bonding, through multiple cycles of electrode
formation, removal and re-formation, in search of the optimal dimensions. No debonding or
noticeable degradation to the stability or quality of the samples occurred during these
additional process steps. The LN die handle was removed, followed by coplanar waveguide
electrode formation using aluminum deposition, with total electrode thickness of 1.6 um. A
fully fabricated chip is shown in Fig. 1c; a microscope image of the EOM is provided in Fig.
1d. The electrodes used here are more than 15 times thinner than those used in Ref. [2], thus
improving fabrication practicality. The silicon photonic features were made on a high-
resistivity Si handle wafer (measured resistivity of the handle after HF etch to remove native
oxide is around 6x103 (Q.cm), potentially mitigating piezoelectric resonances from
traditional LN substrates [18]. As described below, the optical input and output from the

MZM section were through (crystalline) silicon photonic waveguiding structures.

For the MZM reported here, the silicon photonics region outside the bonded LN area included
four types of optical waveguide structures: fully-etched tapers for light input and output
from the chip (edge couplers), single-mode broadband directional couplers (>15 dB
extinction ratio, ER, throughout 1525 nm -1575 nm, maximum ER of approximately 30 dB),
path-length difference (PLD) segment (including spline curve bends), and adiabatic
waveguide tapers for inter-layer transitions (Si-to-LN and vice-versa). Precise foundry
processing of the Si photonic features results in accurate and repeatable formation of the

directional coupler splitting ratio. Since the LN layer is neither patterned nor etched in our



design, there was no alignment issue at the bonding step; the Si features alone determine the

optical propagation path.

Adiabatic waveguide tapers were designed to achieve a vertical inter-layer transition (from
Si to LN, and the reverse). As shown in Fig. 2, the design uses the TE-polarized fundamental
guided mode, which is also used in conventional silicon photonics at 1.5 um wavelengths
[19]. Since the refractive index of Si at these wavelengths (approximately 3.5) is significantly
higher than that of LN (approximately 2.2), the large index difference enables control of the
mode size and location (i.e., mainly in the Si rib or the LN slab) through lithography of the Si
layer alone. Thus, only the width of the Si waveguide (w) was varied in our design; when w
> 600 nm, light at 1.55 pm is mostly confined within the Si rib with confinement factor I'si =
64% (Mode A) and I'si = 58% (Mode B). For w = 320 nm, light is guided in Mode C and “sees”
the LN slab layer, with confinement fraction in the LN layer calculated as I'tn = 81% and Isi
= 5%. Longitudinal Poynting vector simulations of these modes are shown in Fig. 2c. We do
not reduce the width of the Sirib (w) in Mode C further, in order to have a laterally confined
optical mode despite the high value of I'Ly, which does not experience high optical loss from
the metal electrodes. Also, by not letting the mode expand further in width, the Mode B -
Mode C transition loss is kept low, and is estimated as 0.1 dB from simulations, and is
described in more detail in previous work [20]. A benefit of these high-bandwidth
modulators is that I'tn has less variation with small errors in fabricated waveguide
dimensions than plasmonic or polymeric slot waveguide MZM, and the minimum feature

sizes are easily achieved by today’s silicon photonics processing technology.



Vertical, inter-layer transitions to and from the hybrid LN-Si region occur only where
needed, inside the perimeter of the bonded region. Optical losses between Modes A and B
are minimized by keeping the Si waveguide wide (w = 650 nm) when crossing into the hybrid
region. Thus, the edges of the bonded thin film, even if rough on the scale of the optical
wavelength, do not significantly affect optical propagation. This makes the back-end
integration of thin-film LN simple and feasible, without requiring precision etching or
patterning of either LN or silicon after bonding. Complex waveguiding circuits can be built
up with a single bonded layer and multiple vertical transitions, as shown elsewhere [20], but

were not required here.

A design library of hybrid LN-Si components was created to aid in simulations and design
within the Lumerical Interconnect simulation environment [21]. Light input and output was
achieved using tapered single-mode, polarization-maintaining fibers. From test structures,
an optical propagation loss of -0.6 dB/cm in the hybrid LN-Si region was measured. The
propagation losses in the Si-only regions were about -1.3 dB/cm and are kept short in this
design. The edges of the silicon photonic chip were lightly polished, but not fully prepared
or packaged; hence, the edge coupling loss was about -3 dB per edge and the total fiber-to-
fiber insertion loss was -13.6 dB. The calculated intrinsic loss of the full MZM (not including
edge couplers), based on the measured propagation loss (-0.6 dB/cm in the EOM, -1.3 dB/cm
outside the EOM) and the device length (0.5 cm for the EOM, 1.67 cm outside the EOM),
simulated inter-layer transition loss estimates (-0.1 dB each), should be about -2.9 dB.
However, the actual insertion loss was around -7.6 dB. The additional loss (4.7 dB) is likely

due to higher-than-expected attenuation in the broadband directional couplers and tapers,



as well as an estimated (from simulations) additional -0.4 dB loss due to the electrical lines,
which pass directly over the optical mode (see Fig. 1d). Itis also possible that the propagation
losses in this particular device were higher than expected due to the multiple re-fabrication
performed on this chip in search of the optimum electrode structure. At low speeds, the MZM
demonstrated a high extinction ratio (> 20 dB) as shown in Fig. 3a, with VzL = 6.7 V.cm at DC

for an L = 0.5 cm device.

RF measurements were performed on a bare-die chip using 50-Q probes rated to 110 GHz
and using laboratory equipment and RF waveguide components also rated and calibrated to
about 110 GHz. The RF driving waveform was either from an RF oscillator (up to 67 GHz) or
three different frequency multipliers (sequentially covering the range of frequencies up to
106 GHz). GSG probes were used for both launch and termination. Calibration of the signal
pathway was performed using a high-frequency RF power sensor. To inform a computational
model of the expected behavior, electrical S-parameters were measured using a Vector
Network Analyzer up to 110 GHz, as shown in Fig. 3b, and analyzed using standard algebraic
transformations and lossy transmission line circuit analysis [22]. The artifact near 90 GHz is
attributed to repeated testing by contact probes, and does not disrupt the smoothly-varying
general trend seen in the data. The microwave refractive index, nm, was fitted to a power-
law equation and the characteristic impedance, Z., was fitted to a first-order polynomial of
the RF frequency. As shown in Fig. 3¢, nm = 2.25 and Zc varied between 53.4 and 55.1 Q from
dc to 110 GHz. The microwave loss, am, when fitted to a power-law equation, followed
approximately an f1/4 dependence, in contrast with the typical f1/2 dependence in traditional

EOMs [2]. Because this device has relatively thin electrodes and a silicon substrate, om is not



due solely to conductor loss, and instead, includes a combination of conductor, substrate,

and radiation losses.

The small-signal optical modulation response of an electro-optic Mach-Zehnder modulator

based on phase modulation (a good approximation of the Pockels effect in LN) is [23]:

R;+Rg
RL

Zin || (ZL+ZO)Fu++(ZL_Z0)Fu_
ZintZg| 1(Z1+Zo) exp(ymL)+(ZL—Zo)exp(=¥YmL)

m(w) = (1)

where no is the optical group index, nm and am are the microwave index and loss coefficient,
L is the phase-shifter arm length, o is the RF frequency, c is the speed of light, Z1. (RL) and Z¢
(Rc) are the load and generator impedances (and, respectively, resistances), Zo is the
electrode transmission line characteristic impedance, Zin is the RF line input impedance, and
using the definitions F(u) = [1-exp(u)]/u; u: = * amL +j(®/c) [* nm-no]L; and complex RF

propagation constant ym = om + j ® nm/c.

Equation (1) is a low-pass filter type response, whose 3-dB electrical roll-off frequency
(f3dBel) is maximized by matching of the optical and RF indices, matching the load and
generator impedances, and minimizing the RF loss, but is not affected by the optical
propagation loss. Lower optical propagation loss (awpt) improves overall transmission, but
for values of aopt < 1 dB/cm and device lengths < 1 c¢m, the actual measured losses are
dominated by non-idealities, such as imperfect chip coupling, or non-unitary power splitting

at directional couplers, and further optical loss reduction plays only a minor role.
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The implications of Equation (1) can be understood by assessing its behavior with regard to
each significant parameter in turn. Assuming velocity and impedance matching, the RF-loss
limited bandwidth results in a 3-dB point of am(f3dBel).L = 6.4 dB. Using L = 0.5 cm for the
device under test, and requiring the 3-dB electrical frequency fzdasel = 100 GHz, we need
am(100 GHz) < 12.8 dB.cm-L. As shown in Fig. 3, measurements showed am(100 GHz) = 7.7
dB.cm-1, well under the limit, and thus, RF losses are not a limitation. Assuming impedance
matching and no RF loss, the bandwidth limitation f3agel.L = (0.13/An) GHz.m, where An =
Nm-No. Thus, achieving f3dsel = 100 GHz for a 0.5 cm long device requires Anmo = nm-no < 0.26.
Calculations for our device indicate that Anmo = 0.07, which is well under the threshold for
achieving 100 GHz electrical bandwidth. Moreover, the electrode length times bandwidth
product [24] “LB” = ¢/An = 428 GHz.cm (i.e., zero modulation response at f =428 GHz fora 1
cm long device) whereas the fabricated device which achieves beyond 106 GHz modulation
has L = 0.5 cm, a factor of two shorter. Thus, neither RF losses nor index matching are

fundamental limitations, as they have been in the past.

The method of Ref. [25] was used to detect signals and modulation sidebands at an optical
wavelength of 1560 nm. With the modulator biased at quadrature, the difference (log scale)
between the optical intensity of the first sideband and carrier signal was used to extract the
modulation index, and thus the frequency response, from 106 GHz down to 2 GHz (providing
a safe margin for the 0.18 GHz resolution of the OSA). The peak-to-peak RF drive amplitude
was about 1 Volt. Frequency multipliers were used for the frequency range above 67 GHz up

to 106 GHz. The electro-optic response is shown in Fig. 4, and an (electrical) 3-dB bandwidth



was observed to lie well beyond 106 GHz, the limit of our measurement capabilities. The
measurement matches well with the calculated response (solid black line in Fig. 4), which
was obtained by plugging the measured values of Fig. 3¢ into Eq. (1). Electro-optic
measurements at frequencies beyond 67 GHz require RF multipliers and time-consuming
calibrations using appropriate waveguides, cables, probes and detectors for each frequency
band, as observed elsewhere [26]. Some of the scatter in the measurements at the highest
frequencies arises from the calibration of the frequency extenders, which have nonlinear and
discontinuous dispersion curves. The measured flat-spectrum modulation response is
consistent with our simulation based on electrical S-parameter measurements, which

predicts flat frequency response to even higher frequencies.

The product VzL = 6.7 V.cm (with a 0.5 cm length) in this device compares favorably with
other high-bandwidth LN MZI’s and commercial technology, but the present devices were
not designed to minimize V:L. Recently, a fully-etched thin-film LN-on-Si02 MZM was
reported, which achieved low VrL = 2.2 V.cm [3]. In contrast with our device, etched LN
structures have been shown as stand-alone devices, not integrated with other integrated
photonics components, and etching LN may lead to concerns such as heat and pyroelectric
charge buildup, structural defect formation and Nb depletion [27, 28]. Lower V:L, though
desirable, is arguably not the primary figure-of-merit of LN modulators, since an order-of-
magnitude lower Vr.L product can be achieved using organic [29], plasmonic [30] or
graphene [31] modulators, which, have not demonstrated such wide 3-dB electrical

bandwidths, and are less widely adopted than LN modulators in practical usage.
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Here, an un-patterned thin-film of LN was simply bonded at room temperature to the
patterned and planarized Si waveguide circuits, with an anneal step at 200°C. In contrast,
fabrication of bulk titanium-indiffused LN modulators and doped III-V or Si modulators
require at least 600°C and typically 900-1000°C [32, 33], limiting them to either standalone
or front-end-of-line device fabrication. Based on our approach, integration of electronic
circuits alongside a very-high-bandwidth LN EOM may be envisioned. More complex
integrated optics can be realized, which use a wider range of silicon photonic components
such as filters, interferometers and detectors alongside one or several ultra-high-bandwidth
modulators, formed using single-step bonding. Integration may also avoid the challenges of
traditional packaging of LN EOM’s: the 70-GHz unpackaged LN modulator of Ref. [2] was
reported to achieve a 3-dB bandwidth, when packaged into a stand-alone module, of only

about 30 GHz [34].

In summary, we report an electro-optic Mach Zehnder modulator (MZM) based on single-
mode silicon (Si) photonic circuits bonded at low temperature to an unpatterned, un-etched
thin-film of lithium niobate (LN), thus utilizing the well-known Pockels electro-optic effect
in only the desired section of the light pathway. Both theory and measurements support the
performance of this device as a greater-than-100-GHz electrical bandwidth EOM, realized
using a new design and fabrication process that brings lithium niobate, the traditional
electro-optic material-of-choice in the first few decades of integrated optics, into
compatibility with silicon photonics, the more recent platform for more complex integrated
optics. The input and output are in silicon photonics and, through the use of inter-layer

vertical waveguide transitions, the device is not sensitive to the rough edges, if any, of the LN

11



thin film. The fabrication process, which does not require etching or sawing of LN, is based

on a standard silicon photonics foundry fabrication flow. Such a device can bring ultrawide

electro-optic bandwidths to integrated silicon photonics, and benefit applications in analog

and digital communications, millimeter-wave instrumentation, analog-to-digital conversion,

sensing, antenna remoting and phased arrays.
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Fig. 1a, Thin film x-cut lithium-niobate (LN) on insulator dies were bonded at room temperature to segmented
dies of a patterned and planarized silicon-on-insulator (SOI) wafer which contained fabricated silicon photonic
waveguide circuits. No etching or patterning of the LN film was performed. b, Exploded representation of the
EOM, where an unpatterned, un-etched LN thin film was bonded to a Mach-Zehnder interferometer fabricated
in Si. Aluminum electrodes were deposited on a 50 nm SiOz layer over the LN film. ‘SiP Region’ denotes the
SiOz-clad region outside the bonded LN film, containing Si waveguide circuits, such as feeder waveguides,
bends, directional couplers, and path-length difference segments. ¢, Top view of a representative fabricated
hybrid Si-LN EOM test chip, which contains 60 EOM waveguide structures in parallel (in the north-south
direction); for this report, test electrodes for use in push-pull configuration were only fabricated on one EOM

device. d, Composite microscope image of the EOM. DC: directional coupler, PLD: path-length difference, GSG:

SOl
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ground-signal-ground, SiP: Si photonics.
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Fig. 2a, Schematic of the EOM (not to scale, not showing electrodes), including two 3-dB directional couplers
(DC) and a waveguide segment for path-length difference (PLD). Three optical waveguide modes are used,
labeled as A, B, and C. Modes A (Si under SiO2) and B (Si under LN) have Si rib width w = 650 nm whereas mode
C has w = 320 nm. b, Dispersion curves (effective index versus w) in the hybrid region; w values for modes B
and C are chosen to stay within the single-mode region of operation. An adiabatic waveguide transition
(variation in w) is designed to evolve from mode B to C and vice versa. ¢, Calculated Poynting vector
components along the direction of propagation. Modes A and B are Si-guided and have a similar confinement

fraction in Si. Mode C, with LN confinement factor (I'.x) greater than 80%, is used in the phase-shifter segments.
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Fig. 3a, Normalized optical transmission of the Mach-Zehnder interferometric electro-optic Modulator

(MZM), versus dc voltage at optical wavelength A = 1560 nm. Fitted V=L = 6.7 V.cm for device length L = 0.5
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cm. b, Measured electrical S-parameters of the MZM's coplanar-waveguide transmission line. ¢, Left y-axis:
extracted microwave phase index nm and microwave loss am (dB/cm) over the dc-110 GHz frequency range.

Right y-axis: characteristic electrode impedance Z¢ (Q).

% Extracted from Sideband 1

fia] 5

=

E U’W—'%ﬂn“_u&ia;“_ﬂ=“ﬂﬂ°o . awaﬂonn aoa® au.,nn . "nungun aaa a“ouﬁq‘cguonb”qunnennan uo’”ananﬂ ]

ED}_ _3_ a B L]

e -5

(1 = Measured — Simulated

(o] L M|

m -10 10 20 30 40 50 60 70 80 90 100 110
Frequency (GHz)

b

= Extracted from Sideband 2

m 9

=2

g [} 'ﬁ‘n e ':'o:' Quo:m:naﬂ n“’“‘a"anﬂ‘n "':quﬂnn‘ pang :Qﬂuougﬂ se 8, a0ogen oa? ﬂ-nuauoﬂouo 6% hae tou ea® ao%a

= e

2 .

e -5

o = Measured — Simulated

o

w -10 10 20 a0 40 a0 B0 0 B0 a0 100 110

Frequency (GHz)

Fig. 4 Electro-optic response of the EOM for both sidebands (a and b) from the optical spectrum analyzer.
Solid black line: calculated response from electrical S-parameters of Fig. 3c; black circles: electro-optic

response from sideband OSA measurements.
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