“© 2017 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any
current or future media, including reprinting/republishing this material for advertising or promotional purposes, creating
new collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in
other works.”

A novel 25 Gbps electro-optic Pockels modulator
integrated on an advanced S1 photonic platform

F. Eltes', M. Kroh?, D. Caimi'!, C. Mai?, Y. Popoff', G. Winzer?, D. Petousi?, S. Lischke?, J. E. Ortmann®,
L. Czornomaz', L. Zimmermann?, J. Fompeyrine', S. Abel!
'IBM Research — Zurich, Sdumerstrasse 4, 8803 Riischlikon, Switzerland, email: fee@zurich.ibm.com,
2IHP, Frankfurt (Oder), Germany, *EMPA, Diibendorf, Switzerland, “The University of Texas at Austin, Austin, TX, USA

Abstract— We demonstrate the first electro-optic modulator
exploiting the Pockels effect, monolithically integrated on an
advanced Si photonics platform. This novel technology
outperforms Si photonic modulators in modulation efficiency,
losses, and static tuning power. The devices, based on barium
titanate thin films on 200 mm substrates, show excellent VL
(0.3 Vem) and VzLa (1.7 VdB), work at high speed (25 Gbps),
and can be tuned at low static power consumption (100 nW).
Our concept serves as a key building block in EPIC for next
generation 100G systems.

L. INTRODUCTION

Silicon based photonic integrated circuits (PIC) are
becoming a key contender for application in various areas of
communication [1], and more specifically for large data center
related transceivers. This technology allows for integrated optic
and electronic functionality combined with advanced
manufacturing, and delivers the required high-speed
performance with scaling advantages in cost. Monolithic
integration with electronic circuits (EPIC) is particularly
important for transceiver solutions, where shrinking module
footprints need dense integration of RF frontends with complex
LF signal processing. Leaving aside the integration of light
sources (so far mainly approached by co-packaging), it is
recognized that the modulator is a critical component for
systems targeting beyond 25 GBd symbol rate. The standard
silicon photonic modulator implementation relies on phase
shifters based on the optical carrier dispersion effect, which
suffers from low overall efficiency and leads to detrimental
effects such as nonlinearity, high-loss, and combined amplitude
and phase modulation. Altogether these effects are known to
limit the high-speed performance of silicon photonic phase
shifters [2]. From the perspective of silicon transceiver
technology, it would be highly desirable to have available in a
silicon photonic technology pure electro-optic, i.e. Pockels,
phase shifters without residual amplitude modulation, with high
linearity, high efficiency and low loss. Recently, there have
been many attempts to demonstrate Pockels modulators that
could potentially be integrated with Si-EPIC. The most relevant
approaches aim to either induce a Pockels effect in silicon via
strain engineering [3], use direct wafer bonding from LiNbO;
wafers [4], or introduce novel materials with large Pockels
coefficients [5, 6]. All work reported so far suffers either from
a weak Pockels effect [3], from incompatibility between wafer
sizes [4], from thermal stability issues [6], or from
incompatibility with standard Si-EPIC processes [5].

Our approach is based on single crystalline, ferroelectric
BaTiOs; (BTO) as a material with a large Pockels coefficient
and a direct integration route with silicon [10]. Passive
structures with low-propagation losses can be fabricated [11],
and high-speed modulators based on BTO have already been
demonstrated [12]. Excellent thermal stability has also been
recently shown in BTO-based devices [13]. Following this path,
we here demonstrate the integration of Pockels modulators
based on BTO in an EPIC-compatible silicon photonic process
flow, (E)PIC, show scalability up to 200 mm, and prove high-
speed data transmission with transfer rates up to 25 Gbps.

II. INTEGRATION

Our concept of high-speed transceivers relies on the
monolithic integration of BTO thin films via direct wafer
bonding above an interlayer dielectric (ILD) in a standard EPIC
flow (Fig. 1). The bonding step can be performed on top of any
ILD above the FEOL structures. Mach-Zehnder modulators
(MZM) for operation at 1550 nm are made from silicon strip-
loaded waveguides on top of the BTO layer with lateral
electrodes from the underlying metal level to provide DC and
RF electric fields (Fig. 2). The effective electro-optic response
of BTO is superior compared to alternative material systems
(Fig. 3). It depends on the relative orientation of the BTO
crystalline axes with respect to the electric switching field and
to the propagation of the optical mode [10]. We maximized the
response by designing BTO layers with their ferroelectric
polarization in the plane of the substrate and aligning the active
waveguides along the BaTiOs[110] direction. Effective Pockels
coefficients, rer, of ~150 pm/V have been reported for this
configuration [10].

Using a process previously reported [10, 14], BTO thin
films of high crystalline quality (Fig.4) were epitaxially
deposited on 4 nm SrTiOs buffers on silicon-on-insulator (SOT)
wafers, with 100 nm top Si. Subsequently, the top Si and the
BTO layer were transferred onto SiO; terminated host wafers
via direct wafer bonding, with thin alumina layers serving as
bonding interface. The excellent bonding strength yields a
transfer ratio close to 100%. We successfully transferred BTO
layers using 200 mm source and target wafers, confirming the
scalability of our integration approach (Fig.5a). X-ray
diffraction analysis on 200 mm wafers after bonding reveals
very good uniformity with only minimal variations in the
structural characteristics along the radius of the 200 mm wafer
(Fig. 5b). For the fabrication of modulators, we used 200 mm
target wafers, processed following a (E)PIC flow having the



same back-end-of-line (BEOL) processes as EPIC runs [15].
For this work, the (E)PIC process was interrupted after 4
metallization levels, top metal 1 (TM1). After deposition and
planarization of an ILD to reduce step heights and surface
roughness, we transferred 170-nm-thick BTO layers from SOI
wafers onto the PIC wafers. We fabricated Si waveguides,
leaving the BTO layer unpatterned. An additional metallization
level was added to increase the voltage drop across the BTO
region, which enhances the electric field and thus the Pockels
response (Fig.2). Therefore, the BTO layer was etched to
access the TM1 level along the strip-loaded waveguides. These
openings were filled with metal to form an electrical contact
between the buried RF lines and the BTO layer. An optical
micrograph (Fig.7) as well as a cross-sectional electron
micrograph (Fig. 8) show the final structures after the BTO
modulator integration.

III. DEVICE PERFORMANCE AND DISCUSSION

We first verified the compatibility of the BTO modulator
integration process with the thermal budget restrictions
imposed by the (E)PIC flow. As a low temperature method,
direct wafer bonding will have very limited impact on the
characteristics of pre-existing (E)PIC circuits. However, the
thermal budget profile used in this work includes a long anneal
step at 350°C. Ge photodiodes (PD) were characterized before
and after BTO device integration (Fig. 9) to ensure no influence
from the thermal budget. Despite their sensitivity to thermal
treatments, the measured Ge PD are unaffected by the
integration flow, and confirmed the feasibility of our integration
concept.

Optical simulations of the waveguide cross-section
confirmed that the transverse electric (TE) mode overlaps
substantially with the BTO layer. The high confinement factor
of 38% enables phase modulation of the TE mode via the
Pockels effect. The modeled performance of similar device
structures has been reported elsewhere, and suggests excellent
figure of merit compared to silicon modulators [16]. Passive
ring-resonators with high Q-factors (~50’000) and low losses
(5.8 dB/cm) (Fig. 10) confirm that the optical quality of the
grown BTO layer is preserved after the full integration process.
For electro-optic characterization, unbalanced MZM’s
(AL ~ 630 um, L ~ 1-2 mm, Fig. 11) were used for DC as well
as for RF characterization. By applying a voltage to one of the
arms, we experimentally observe a shift of the transmission
spectrum due to a change of the refractive index (Fig. 12), as
expected from the Pockels effect. The electro-optic response
corresponds to a ViL of 0.3 Vem, which is a strong
improvement compared to a typical VzL of ~2 Vem for state-of-
the-art Si photonics modulators [2, 17]. Taking into account the
propagation losses gives a VzLo of 1.7 VdB, significantly lower
than in Si modulators (~20 VdB) [17, 18]. When sweeping the
bias voltage, the phase shift of the MZM exhibited a hysteretic
behavior (Fig. 13a), consistent with the ferroelectric nature of
BTO. The hysteresis curve illustrates the need for poling the
BTO layer with a bias above the coercive field (~ 1 V) to avoid

a mixed domain state with vanishing r.¢r [10] (Fig. 13b).
Moreover, unlike the plasma dispersion effect in Si photonic
modulators, the Pockels effect is not related to any current or
charge injection. The measured low leakage also allows the
MZM to be tuned at a low power (100 nW) (Fig. 14).

The small signal electrical and electro-optic bandwidth of a
MZM with 1-mm-long electrodes (Fig. 15) shows a limited
bandwidth (2 GHz). For faster RF performance, the dielectric
properties of the specific materials stack, as well as parasitics
coming from to the top metallization step need to be considered
for further layout optimization. Modulators fabricated using
ring resonators based on similar BTO/Si waveguides indeed
show a cutoff frequency above 20 GHz, limited by the photonic
life time in the ring-cavity (Fig. 15), confirming an intrinsic
bandwidth in BTO higher than measured in the MZM. Data
transmission experiments were done using a 1-mm-long MZM
operated in single-drive mode, with a 2 V bias. Because of the
low static power consumption, the bias voltage can be fine-
tuned to set the quadrature point without any power consuming
heaters. Eye-diagrams could be recorded at data-rates up to
25 Gbps (Fig. 16), which demonstrates the capability of the
device to perform high-speed modulation. The metrics of the
BTO devices outperform current solutions in efficiency, losses,
and process compatibility (Fig. 17).

IV. CONCLUSION

We integrated barium titanate thin films with a strong
Pockels coefficient into an EPIC compatible process flow. We
further demonstrate the applicability of such a technology for a
novel class of high-speed photonic modulators. Our results are
the first example of a modulator with no fundamental road-
blocks for incorporation in future 100G systems.
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the CMOS integration scheme by IHP (simplified, not to scale).

Fig. 2. Cross section and top-view of an unbalanced MZM based on the Pockels
effect in a BTO thin film. The inset (top) shows the optical power distribution
of the transverse electric (TE) mode in the Si/BTO waveguide. The electric field
lines between the electrodes are indicated in the cross-sectional view in red.
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Fig. 3. Comparison of Pockels effect as reported in
literature for various materials systems [19]. In this
work, we focus on BTO due to the superior Pockels

Fig. 4. HRSTEM images of BTO, showing high
crystalline quality and the epitaxial relationship to
Si, as confirmed by the XRD scan (top right). The

coefficients. images correspond to the region of the waveguides

highlighted in the top left.
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Fig. 6. Process flow for integration of BTO modulators in the BEOL of an (E)PIC process flow.
Schematics of the cross sections (left) are shown at various steps in the integration process flow (right).

Fig. 7. Optical microscopy image (top view) of the final chip with integrated BTO. Specific devices and
couplers are marked. Insets show dark-field images of highlighted areas.

Fig. 5. (a) Photo of 200 mm wafer after BTO
bonding. (b) Out-of-plane lattice constant a, BTO
thickness variations At (ellipsometry), and FWHM
of the rocking curve (RC) from the center to the
edge of the wafer show good homogeneity.

BTO Si waveguide

Fig. 8. Cross-sectional STEM image of BTO
modulator integrated after TM1 in BEOL process
on (E)PIC flow. The layers on top of the waveguide
originate from the FIB sample preparation.
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Fig. 13. (a) Induced phase shift when applying
voltage to one arm of a 2-mm-long MZM. (b) The
hysteretic behavior originates from domain
switching in the BTO layer. The yellow arrows
correspond to the polarization of ferroelectric
domains.

Fig. 16. Eye diagrams for data transmission
through a I-mm-long MZM in single-drive mode at
10, 20, and 25 Gbps, respectively. A bias voltage
of 2V was applied, along with a large signal
modulation voltage of V,, ~4.2 V. Accounting for
electrode attenuation at 10 GHz (Fig. 15) this
corresponds to a Vy, ~2 V.
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modulator using the Pockels effect. The refractive
index is changed in one arm by An due to the
Pockels effect, resulting in a relative phase shift A®
at the output (a). As a consequence, the
transmission spectrum shifts by A1 (b).
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Fig. 14. Current-voltage (a) and power-voltage (b)
characteristics of a 2-mm-long MZM device. The
leakage current is small in the full bias range
(<100 nA), resulting in low static power
consumption of ~100 nW at the operating point of
2V.
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