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Abstract: Thin films of lithium niobate are wafer bonded onto silicon 
substrates and rib-loaded with a chalcogenide glass, Ge23Sb7S70, to 
demonstrate strongly confined single-mode submicron waveguides, 
microring modulators, and Mach-Zehnder modulators in the telecom C 
band. The 200 μm radii microring modulators present 1.2 dB/cm waveguide 
propagation loss, 1.2 × 105 quality factor, 0.4 GHz/V tuning rate, and 13 dB 
extinction ratio. The 6 mm long Mach-Zehnder modulators have a half-
wave voltage-length product of 3.8 V.cm and an extinction ratio of 15 dB. 
The demonstrated work is a key step towards enabling wafer scale dense 
on-chip integration of high performance lithium niobate electro-optical 
devices on silicon for short reach optical interconnects and higher order 
advanced modulation schemes. 
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1. Introduction 

The advent of the optical interconnect has been driven by the fundamental loss and speed 
limitations of traditional copper interconnects at short communication links [1]. Optical 
modulation is an essential functionality of optical interconnects. For integration into short-
haul communication systems, optical modulators will be required to satisfy certain stringent 
criteria – high extinction ratio, large modulation bandwidth, and low insertion loss. 
Furthermore, low drive power and small device footprint will be significant factors in the 
integration of multiple modulators on a single chip for advanced higher-order modulation 
schemes that enable faster data transmission. It is also desirable to have modulators on silicon 
substrates for potential integration with silicon photonics and electronics. Platforms on silicon 
substrates have been pursued towards satisfying these requirements. 

All-silicon (Si) optical Mach-Zehnder modulators (MZMs) and resonant microring 
modulators (MRMs), based on the well-established Silicon–on–Insulator (SOI) technology [2] 
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have been heavily investigated in the telecom wavelengths [1,2]. Silicon lacks intrinsic 
second-order nonlinearity (χ(2)), essential for electrooptic modulation based on Pockels effect. 
Hence, all-Si modulators typically rely on the free-carrier plasma dispersion effect, where 
modulation of the free carrier concentration in a doped silicon waveguide modulates the 
complex refractive index, inducing an optical phase shift [3], and an inextricable change in 
the optical absorption. An inherent tradeoff exists between the modulation bandwidth and the 
extinction ratio (ER) of the modulators [1]. For example, all-Si modulators operating at 50 
Gb/s have been demonstrated with an ER of 5.6 dB [4], as have modulators at 10 Gb/s with an 
ER of 18 dB [5,6]. All-Si phase modulator sections exhibit losses ranging from 1 to 4 dB/mm 
leading to high on-chip insertion loss above 1.9 dB and 3.5 dB in the off and on states, 
respectively, and modulation efficiencies between 1 and 3 V.cm [4,5,7,8]. Reed et al. [7] 
review recent advances in carrier-depletion all-Si modulators. All-Si MRMs afford low drive 
power and device footprint by virtue of their resonant nature. However, this resonant nature 
reduces the reliability of obtaining the desired resonant operation wavelength using CMOS 
compliant fabrication, due to the very small fabrication tolerances of the devices [9]. 

 

Fig. 1. Schematic of the new platform depicting the chalcogenide (ChG) rib, lithium niobate 
(LN) core slab, lower optical cladding of silicon dioxide (SiO2), silicon substrate (Si), and the 
gold metal electrodes for: (a) Microring modulators; (b) Mach-Zehnder modulators. 

Other approaches on silicon that have been explored include silicon-organic hybrid (SOH) 
integration [10] and photonic crystal modulators [11]. While the aging and stability of the 
organic polymers used in SOH platforms is still under study, high performance signaling at 
160 Gb/s has been achieved using 16-state quadrature amplitude modulation (16 QAM) [10]. 
The SOH modulators had 18 GHz bandwidth, 1.3 V.cm modulation efficiency, and were 1.5 
mm long [10]. Photonic crystal modulators on silicon have demonstrated extinction ratios 
above 10 dB at 1 Gb/s bandwidth [11]. Alternatively, heterogeneous integration of 
electroabsorption (e.g., SiGe and InP) and electrooptic (e.g., lithium niobate (LN)) modulators 
on silicon substrates has been pursued [6]. In particular, LN exhibits strong electrooptic effect 
and is an excellent candidate for heterogeneous integration on silicon. 

Unlike all-Si modulators, conventional LN modulators do not suffer from bias-induced 
loss and low ER, and can attain zero to negative chirp for increasing fiber dispersion 
tolerances [12]. Also, high extinction ratios above 20 dB, and wide modulation bandwidths 
(up to 100 GHz [13]) render these devices viable for long-haul telecommunication systems. 
In-diffusion of titanium into bulk LN wafers [12] and annealed proton exchange [14] are two 
methods used to define conventional LN stripe waveguides for MZMs. However, these 
conventional diffused LN waveguides suffer from low index contrast. This leads to low 
optical confinement in both the horizontal and vertical directions, and large half-wave voltage 
length products. A typical LN MZM is a few cm long, with a Vπ of 3–6 V. Integrating 
multiple conventional LN MZMs for higher order modulation schemes while retaining low 
drive power would require long device modules, i.e., a larger device footprint. These 
limitations make conventional LN modulators too costly and bulky for short-range datacom 
applications. 
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Fig. 2. COMSOL simulations of the Mach-Zehnder modulators: (a) Optical TE mode profile at 
1550 nm – the thin gold stripes are the 100-nm-thick regions of the gold electrodes; (b) RF 
field distribution at 10 GHz – the regions marked Au are the gold metal electrodes. The 
chalcogenide (ChG) rib is shown with a white outline. 

An ideal modulator platform would possess a strong reliable electrooptic effect, and be 
integrable onto a silicon substrate. In one approach towards this goal, an ion sliced film of LN 
is bonded as the top cladding onto an all–Si waveguide [15–17]. The electrooptic modulation 
is due to the overlap of the evanescent tail of the guided mode with the LN cladding. The 
fraction of the guided optical power present in the LN cladding is as high as 42% for TM, and 
11% for TE polarizations [16]. A shortcoming of this LN top-clad approach is the instability 
of the bonding based on free-standing structures [15] and the unreliability of the bonding 
based on polymers [16,17]. A reliable bonding approach, that directly transfers crystalline 
silicon from a SOI die onto bulk LN, has been successfully demonstrated at telecom [18] and 
mid-infrared [19] wavelengths. 

As elaborated in Section 2, heterogeneous integration of highly confined thin films of LN 
on silicon wafers coated with a thermal silicon dioxide (SiO2) cladding layer addresses the 
challenge of vertical confinement in LN. Another long-standing challenge for achieving tight, 
laterally confined LN waveguides has been the difficulty of etching the hard material. To 
circumvent this, the LN can be rib-loaded with a material whose refractive index matches that 
of the LN such that most of the optical energy still resides in the LN core waveguide region. 
Tantalum pentoxide, Ta2O5, has been proposed for this purpose, and optical resonators and 
MZMs have been demonstrated on the heterogeneous platform and characterized at low 
frequencies [20]. Selective oxidation of tantalum forms the waveguide ribs with reasonable 
propagation loss, around 5 dB/cm [21,22]. In the present effort, another type of index-
matched material, Ge23Sb7S70 chalcogenide (ChG), is used. The advantages over Ta2O5 
include ease of processing and propagation loss as low as 0.42 dB/cm in submicron 
waveguides [23], which immediately reduces the on-chip optical insertion loss by 4 dB. Also, 
demonstrated here are LN MRMs with grating couplers on Si substrates. The MZMs 
described in this work have an on-chip insertion loss of 1 dB, and this can be reduced by 
further optimizing the ChG processing. Figure 1 shows a schematic of the MZMs and MRMs 
fabricated on the new platform introduced in this work. Finally, the MZMs on Si are 
characterized at radio frequencies (RF) for the first time. 

2. Design 

A 400-nm-thick film of Y-cut LN bonded to a 2 μm thick layer of SiO2 on a Si substrate forms 
the slab region of the ridge optical waveguide. The LN thin films are rib-loaded with a 0.35 
μm × 1.3 μm strip of index-matched chalcogenide to form single-mode waveguides at 1550 
nm wavelength, as depicted in Fig. 2(a). Bending losses are found to be negligible for this 
geometry at the 200 μm bend radius of the MRMs. The crystal orientation of the lithium 
niobate thin film is chosen to utilize the highest electrooptic coefficient of LN, viz., r33 = 31 
pm/V. Thus, the z-axis of the LN crystal is aligned along the horizontal RF electric field 
created by the lateral metal electrodes, shown in Fig. 2(b). The MRMs are designed for a 
tunability of 3.8 pm/V, while accounting for the tensor nature of the electrooptic coefficient, 
r. COMSOL simulations confirm that ~60% of the TE optical mode resides in the LN core 
region, and predict a Vπ.L of 3.4 V.cm for an electrode gap of 5.5 μm. The ~60% confinement 
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in LN is much higher than the aforementioned value of 11% for TE mode in LN thin films 
bonded on SOI waveguides [16]. 

The lower Vπ.L affords a lower drive voltage, and therefore lower drive power. It also 
permits smaller device lengths, which not only reduce the device footprint, but can also 
potentially increase the theoretical modulation bandwidth achievable [24,25]. This is expected 
based on theoretical studies showing that for the same bandwidth-length product, higher 
modulation bandwidth is attainable in devices with shorter lengths [25]. Once this platform is 
fully developed, it can potentially offer significantly faster data transmission compared to 
commercially available lithium niobate modulators. The metal electrode vias and pads are 
designed to minimize the velocity mismatch [24] between the RF modulation field and the 
optical signal, while maintaining a characteristic impedance as close as possible to 50 Ω. 

Grating couplers were designed using finite element simulations, following the standard 
guidelines reported in the literature [26–28]. The grating period and fill factor were varied to 
couple the guided mode to a free space Gaussian mode with a size of 17.5 μm × 5.2 μm. Due 
to the limited range of thicknesses available for the silicon dioxide lower cladding and LN 
layers, a less than optimal structure was achieved. That is, the remaining uncoupled power in 
the waveguide was 30% of the guided mode. The combined loss due to the mismatch between 
the coupled free space mode and optical fiber mode, the uncoupled light in the waveguide, 
and the light that is diffracted toward the substrate results in a calculated loss of 6.2 dB per 
coupler. Measured results showed a coupling loss of 10 dB for each coupler, which was likely 
due to reflections from the fiber facets. Higher coupling efficiencies may be pursued by 
optimizing the thicknesses of the silicon dioxide cladding and the LN layer. 

 

Fig. 3. (a) Measured transmission spectrum (blue) around one under-coupled microring 
resonance, and the corresponding theoretical fit (red) (b) Measured transmission spectrum 
(blue) around one critically coupled MRM resonance and the corresponding theoretical fit 
(red); (c) Measured transmission power spectrum of the critically-coupled MRM devices; (d). 
Optical modulation (green) following the electrical drive signal (blue) at sub-kHz frequencies. 
The drive signal clipping observed is a measurement artefact from the limitation of the 
measurement range of the oscilloscope used, and doesn’t affect the extraction of any 
parameters from the measured data. 

3. Fabrication 

According to the design and dimensions described above, Y-cut LN thin films were 
transferred onto thermal SiO2 cladding layers on silicon substrates using ion implantation and 
room temperature bonding, as described in detail elsewhere [20,29]. ZEP 520-A was spin-
coated on the die, and patterned by electron-beam lithography by a Leica EBPG5000 + writer, 
followed by the evaporation of 100 nm of gold and lift-off to form the metal electrode base. 
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Next, the die was covered with the index-matched Ge23Sb7S70 ChG layer deposited by 
electron-beam evaporation, which was patterned using electron-beam lithography, and dry-
etched using inductively-coupled plasma reactive-ion etching (ICP-RIE) to form the rib-
loaded region and achieve single-mode waveguides, microrings, and grating couplers. The 
refractive index of the ChG film was measured to be 2.22 at 1550 nm using prism coupling. It 
is noted that the RIE process was based on our recently developed dry etching recipes, which 
have resulted in a record-low propagation loss of 0.42 dB/cm in submicron ChG waveguides 
on Si [23]. After a 2 μm thick benzocyclobutene (BCB) top-cladding was spun and cured, the 
gold vias and pads, each about 2 μm thick, were patterned by subsequent photolithography 
and dry etching, and grown using electroplating. 

4. Characterization 

The MRMs were characterized by coupling light into the grating couplers from a 
semiconductor laser, tunable from 1530 to 1565 nm. Grating couplers were preferred over 
end-butt coupling in this case due to the smaller footprint they offer the compact devices. The 
microring resonators demonstrate a propagation loss of 1.2 dB/cm and a loaded quality factor 
Q of 1.2 × 105 at 1560 nm wavelength, as extracted from numerical fitting to the measured 
transmitted power spectrum, shown in Fig. 3(a). These devices have a 200 μm radius, and are 
under-coupled to minimize the coupling loss. The corresponding unloaded Q is 1.3 × 105. The 
propagation loss of 1.2 dB/cm in the LN waveguides rib-loaded with ChG is significantly 
lower than the Ta2O5 counterparts with a loss of 5 dB/cm [20]. The critically-coupled MRMs 
have a lower loaded Q of 8.6 × 104, an unloaded Q of 1.26 × 105, at a 200 μm radius, and a 
maximum potential extinction ratio of over 15 dB, seen in Fig. 3(b) and Fig. 3(c). The low 
frequency DC coupled response is plotted in Fig. 3(d). The measured modulation is 0.4 
GHz/V (3.2 pm/V, which is close to the designed value of 3.8 pm/V), at an extinction ratio of 
13 dB. The triangular drive signal used was amplified by a voltage amplifier to capture the 
response of the modulator across an entire resonance notch. 

 

Fig. 4. (a) Sub-kHz response of a MZM with a 5.5 μm electrode gap – the blue triangular 
waveform is the drive signal divided by 10, the green curve is the observed modulation. The 
MZMs are strongly overdriven to accurately extract the Vπ; (b) Sub-MHz modulation of a 
different MZM with a 7 μm electrode gap. Both electrodes are 6 mm long. 

The MZMs were characterized by coupling light, from the tunable laser source, in and out 
of the MZM chips by end-butt coupling using lensed fibers, i.e., there are no grating couplers 
incorporated for the MZMs with large footprints. The modulated output signal was fed 
directly into a DC coupled photodetector. The MZMs present an on-chip optical insertion loss 
of 1 dB in both the on and off states, which is lower than all-Si modulators discussed in 
Section 1. A Vπ.L of 3.8 V.cm and a 15 dB extinction ratio at 1550 nm were measured at low 
modulation frequencies, as shown in Fig. 4(a), for MZMs with an electrode gap of 5.5 μm. 
The AC coupled response around a 1 MHz modulation frequency of another fabricated MZM 
with a wider electrode gap of 7 μm is given in Fig. 4(b), where the Vπ.L is measured to be 6.4 
V.cm.Ground-signal-ground probes connected to a Short-Open-Load-Thru (SOLT) calibrated 
Agilent vector network analyzer (VNA) were used to measure the S parameters of the 
electrodes, shown in Fig. 5. The travelling wave coplanar waveguide electrodes were found to 
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have a sufficiently low reflection (S11), and the 3-dB bandwidth of the electrodes is 5.6 GHz, 
determined from the electrical transmission, S21. A characteristic impedance around 42 Ω and 
a microwave propagation effective index of 2.3 were extracted from further analysis of the S 
parameters. The electrical bandwidth was limited by the impedance mismatch between the 42 
Ω MZM electrodes and the 50 Ω probes and VNA ports, and by the electrode loss due to the 
quality of the electroplating. The microwave propagation index was sufficiently close to the 
optical propagation index of 2.1 for the device to not be limited exclusively by group velocity 
mismatch [24]. The high frequency electrooptic modulation was measured using the VNA in 
conjunction with a high-speed photodetector, with a cut-off frequency of 7 GHz. The input 
electrical port of the MZM was connected to the VNA, and the coplanar waveguide electrodes 
were terminated using a standard 50 Ω impedance. The high-speed photodetector was 
connected to the other port of the VNA. 

 

Fig. 5. Electrical S-parameters S11 (blue) and S21 (black), and electrooptic modulation 
parameter EO S21 (red), viz., limited by the 7 GHz photodetector cut-off. 

The electrooptic response, EO S21, in Fig. 5 is limited to ~7 GHz, which is the bandwidth 
limit of the detector. The EO S21 response is reasonably flat between 2 to 7 GHz. However, 
the 3-dB bandwidth is found to be 1 GHz from the electrooptic S21. The observed initial 3-dB 
frequency drop at ~1 GHz, followed by the non-monotonic response from 2 to 7 GHz, could 
possibly be explained by acousto-optical interactions, and acoustic resonances confined by the 
coplanar waveguide electrodes [17,30,31]. This behavior has been observed in other thin film 
LN modulators as well [17], and can be alleviated by a slight roughening of the LN surface 
[32]. 

5. Summary 

Compact electrooptic microring resonator modulators and Mach-Zehnder modulators were 
fabricated and characterized on lithium niobate thin films rib-loaded with chalcogenide 
glasses at 1550-nm wavelength range. With a propagation loss of 1.2 dB/cm, and extinction 
ratios of 13 dB, the microring modulators operate at 0.4 GHz/V. The Mach Zehnder 
modulators operate with 15 dB extinction ratios, and a Vπ.L of 3.8 V.cm. These Mach Zehnder 
modulators offer much smaller device footprint and lower Vπ.L than conventional lithium 
niobate optical modulators and extinction ratios comparable to them. As this platform 
matures, it is expected that these improvements will enable the dense on-chip integration of 
electrooptic modulators for higher order advanced modulation schemes, leading towards 
heterogeneous integration into optical interconnects on silicon. 
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