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Abstract: We present a thin film crystal ion sliced (CIS) LiNbO; phase modulator that
demonstrates an unprecedented measured electro-optic (EO) response up to 500 GHz.
Shallow rib waveguides are utilized for guiding a single transverse electric (TE) optical mode,
and Au coplanar waveguides (CPWs) support the modulating radio frequency (RF) mode.
Precise index matching between the co-propagating RF and optical modes is responsible for
the device’s broadband response, which is estimated to extend even beyond 500 GHz.
Matching the velocities of these co-propagating RF and optical modes is realized by cladding
the modulator’s interaction region in a thin UV15 polymer layer, which increases the RF
modal index. The fabricated modulator possesses a tightly confined optical mode, which
lends itself to a strong interaction between the modulating RF field and the guided optical
carrier; resulting in a measured DC half-wave voltage of 3.8 V-cm™. The design, fabrication,
and characterization of our broadband modulator is presented in this work.
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OCIS codes: (130.3120) Integrated optics devices; (160.3730) Lithium niobate; (230.4110) Modulators; (230.4000)
Microstructure fabrication.
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1. Introduction

Despite its ubiquity in fiber-optic telecommunications and attractive nonlinear properties, the
evolution of LiNbO; integrated optics can be considered sluggish relative to its Si and III-V
counterparts. Discrete devices fabricated in bulk single crystalline LiNbO; generally rely on
low index contrast optical waveguides with large bend radii [1], and specialized
micromachining processes for sustaining broadband operation [2], which inhibits dense
integration. Although the first instance of CIS LiNbO; was reported in 1998 [3], the recent
widespread availability of full 75 mm wafers of CIS thin film LiNbO; from a number of
distributors: NanoLN (China), Partow Industries (Florida), and SRICO (Ohio), has provided a
fertile environment for LiNbO; device research and innovation [4,5].
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Notable devices that take advantage of the high index contrast provided by a thin LiNbO;
substrate are tunable ring resonators [6], Mach-Zehnder interferometers [7], switches [8], and
standalone phase modulators [7,9—11]. Developed in parallel to these are various hybrid
devices, that rely on either Si [12—-17] or SizN, [16,18,19] for loading and guiding of an
optical mode. A common theme among all devices mentioned herein is that they possess a
reduced mode size. The reduced mode size leads to vastly improved EO activity over their
bulk predecessors, most notably resulting in reduced half-wave voltages. Reduced half-wave
voltage length products coupled with the ability to bend and fold the high index contrast
optical waveguides leads to a substantially decreased device footprint ideal for future
integrated photonic systems.

Up to this point however, the other major advantage of thin-film LiNbOs, the significantly
lower permittivity of the material system, has yet to be convincingly exploited [7,8,11,16]. To
this end we present the first LiNbO;-based EO modulator that is engineered to perform
continuously from DC to THz frequencies. It is a device that can be used to optically up-
convert RF signals directly at a system’s RF front-end sensor, or antenna element. In so
doing, the received RF signal becomes a sideband on an optical carrier that can be
subsequently processed and, or routed using low loss conventional off-the-shelf optical
components. A broad range of applications in the THz regime, including sensing [20],
imaging [21,22], and high data rate communications [23], are currently limited by the
inherent difficulties in routing THz signals electronically. Given the results presented in this
work, we propose that optical routing of THz signals can be enabled by an EO up-converting
modulator to provide both a simple and effective frontend alternative.

2. Device design and fabrication

A schematic of the broadband phase modulator’s interaction region can be seen in Fig. 1(c),
where the devices begin with commercially available CIS thin film LiNbO; on insulator
procured from NanoLN. The substrate consists of a 700 nm thick x-cut LiNbO; device layer,
affixed to a 500 pm thick quartz handle wafer via a 2 pm thick plasma enhanced chemical
vapor deposited SiO, intermediate bonding layer. A single mode rib waveguide sustains the y-
propagating TE polarized light to be modulated. The rib is 1.1 pm wide at the top and 1.8 pum
wide at its base; the etch depth is 160 nm resulting in a sidewall angle of 24.57 degrees.
Lumerical FDTD Mode Solver is used to simulate the waveguide structure and provides an
effective optical group index (n,,) of 2.2608 for the fundamental TE mode at 1550 nm. The
discrepancy between bulk LiNbO;’s optical indices (Zexyraordinary = 2.14 and no,ginany = 2.21) at a
wavelength of 1550 nm and the simulated group index stems from structure dependent
waveguide dispersion and LiNbO; material dispersion.

To form the optical waveguide an 80 nm thick chromium blanket layer is first sputtered
onto the substrate. A soft-mask is patterned on top of the Cr layer with NR9-1500P
photoresist from Futurrex. The soft-mask pattern is transferred into the Cr hard-mask with a
time multiplexed Cl based inductively coupled plasma (ICP) dry etch. After pattern transfer,
any residual resist is removed in an O, plasma ash. The waveguide pattern is finally
transferred into the LiNbO; with a directional, highly anisotropic LiNbOj; etch, obtained using
an ICP CF,; (6 sccm)/N; (28 sccm)/O, (0.5 scem) etch. The etch is time multiplexed to
prevent overheating of the sample. The number of cycles determines etch depth and each
cycle consists of 1 minute etching in a 600 W plasma under 400 W bias. The etch rate of x-cut
LiNbOj; is ~27 nm per minute and the selectivity between LiNbO; and Cr is ~5.4:1. Any
remaining Cr is stripped in a chemically selective wet etch.
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Fig. 1. (a,b) SEM images of a fabricated device’s air-clad launch and interaction regions. (c)
Cross-sectional schematic of the modulator’s interaction region. Simulated results for both a
modulating RF electric field at 110 GHz and a guided optical carrier possessing a wavelength
of 1550 nm are overlaid onto the illustration. Data for the optical mode simulation is
normalized to its maximum value, while the simulated RF field assumes that 1 V is applied
across the GSG electrodes.

The modulating electric field is applied via electrodes in a CPW ground-signal-ground
configuration, which are defined directly on top of the CIS LiNbO; device layer using a
standard gold electroplating process and is accomplished in 4 steps: seed layer deposition,
photolithography, electroplating, and seed layer stripping. First a Ti:Auw:Ti seed layer is
deposited via electron beam evaporation; thickness of each individual layer is 100 nm
resulting in 300 nm total thickness. Next, photolithographic definition of the electrodes is
done with NR9-3000P photoresist from Futurrex. After photoresist development, the resist is
hard-baked at 120 °C for 30 minutes to drive off excess solvent so that the resist is able to
survive the electroplating bath. Between lithography and electroplating, an O, plasma descum
followed by a brief Ti wet etch in a hydrofluoric acid solution exposes the concealed Au seed
layer. Au is then built up to the desired electrode thickness in an electroplating bath. Finally,
photoresist and metal seed layers are stripped via iterated dips in HySO4(3):H,0,(1) solution,
deionized water, and a KI based Au etchant. This cumulative process results in broadband
CPW celectrodes patterned directly on the LiNbO; surface. Figure 1 shows the fabricated
optical waveguide situated in the gap between the signal and one of the ground pads of the
CPW. Electrode dimensions in the modulator’s interaction region for the thickness, signal
width, and gap, are 1.8 pm, 9.5 pm, and 5 pum, respectively. The length of the fabricated
interaction region is 0.92 cm and the simulated characteristic impedance of this structure is
~30 Q up to 500 GHz. At the input and output of the device are 150 pm long probe pads that
taper into the interaction region over another 150 um length. The launch region probe pads
possess a signal width of 53 pm and gap of 10 um, the simulated characteristic impedance of
the launch is ~50 Q up to 500 GHz to match the impedance of the input probe. The 150 pm
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long taper acts as an impedance transformer at both ends of the coplanar waveguide,
achieving a conversion from 50 Q launch to 30 Q interaction region.

The primary concern with electrode design for a high-speed modulator’s interaction
region is matching the effective RF phase index of the CPW’s guided mode (nzr) with the
optical waveguide’s group index [24,25]. This is difficult to accomplish in bulk LiNbOj;
modulators as the RF index of LiNbO;, roughly 6.55 at microwave frequencies [26], is
significantly higher than the 2.14 extraordinary optical index at a wavelength of 1550 nm.
Typically a combination of waveguide etching, addition of buffer layers, and thick
electroplating are used to pull the modulating field from the bulk material and lower ngr [24].
This strategy of removing the modulating field from the EO material can result in wideband
modulator operation [24], but is at odds with achieving a low half-wave voltage, or V. In
contrast, CPW design for thin film LiNbO; modulators requires the opposite approach
compared to velocity matching in a bulk device. Low permittivity quartz possessing an RF
index as low as 1.95 [27], makes up the majority of the thin film device, resulting in a
naturally lower ngp. Simulated nge values are extracted from Ansys HFSS models of the
aforementioned device and are shown in Fig. 2, where at 110 GHz the simulated nzy is equal
to 2.02. The disparity between simulated ngr and n,,, is ~0.24, and if fabricated, this device
will have a reduced operational bandwidth due to this index mismatch. Within the literature, a
proven method for increasing ngr is cladding the modulator’s interaction region in a higher
index material, such as UVI15 adhesive possessing an RF index near 1.73 [28,29].
Accordingly, a 20 pm thick cladding is applied to the interaction region of our device. By
adding a UV1S5 cladding layer to the HFSS model, the simulated nzs at 110 GHz increases
from 2.02 to 2.26. The cladding’s impact on the simulated optical group index according to
simulations is a slight decrease from 2.26 to 2.24, which also helps to match modal indices
overall. The UV15 tuning layer is applied via brush to the device’s interaction region. Flood
exposure from a UV light source sets the epoxy in place. As a final step in the fabrication
process, single mode fiber V-grooves are aligned and bonded to the end facets of the device
with a UV curable adhesive in preparation for testing on a probe station.
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Fig. 2. Simulated effective indices, three traces are plotted. The red and blue traces represent
the simulated RF effective phase indices of a device under two different cladding
circumstances. The green trace is the simulated optical group index of a UV15 cladded optical
waveguide at an optical wavelength of 1550 nm.

3. Experimental setup and characterization

Optical waveguide propagation loss of ~7 dB/cm is measured via the cutback method. This
result is comparable to propagation losses seen elsewhere in literature for dry etched thin film
LiNbO; ridge waveguides [4], although through refined processing techniques similar devices
have demonstrated propagation losses as low as 0.4 dB/cm [30]. The total optical loss of the
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characterized 1.5 ¢cm long modulator is ~40 dB, 10.5 dB of which can be attributed to the
propagation loss. Remaining insertion loss is accounted for by the modal mismatch between
the single-mode optical fibers and ridge etched LiNbO; waveguides. The spot size of the
fibers possesses a Gaussian profile with an 8 um waist and the asymmetric spot size of the rib
waveguide according to FDTD simulation is ~2 pm laterally by ~0.7 um vertically. While not
the focus of this work, proper design of the coupling structure can significantly reduce loss.

The DC-V,, scattering parameters, and optical sideband measurements are used to
characterize this device. The DC-V is measured to be 3.8 V by means of a polarization
rotation method [31], which is in agreement with our simulated DC-V, of 3.4 V. Two port
scattering parameters are collected up to 110 GHz using an Agilent E8316C Programmable
Network Analyzer (PNA), in conjunction with two Agilent N5260 T/R modules, and two 1
mm cable-fed GGB Industries Inc. probes in GSG configuration. The same PNA setup is used
to apply the modulating RF signal up to 70 GHz. An Agilent E4418-B power meter measures
the RF power output which is delivered to the probe in this range, measured power output is
later used for normalization. Above 70 GHz the measurements are conducted in five different
frequency ranges, 70-115 GHz, 115-140 GHz, 140-220 GHz, 220-325 GHz and 325-500
GHz. Each additional band corresponds with a VNA extension module from Virginia Diodes
Inc. An assortment of waveguide-fed probes from GGB industries and Dominion
MicroProbes probes are used to apply the modulating signal in these bands. Above 70 GHz an
Erickson PM4 power meter determines the RF power available to the probe’s waveguide
input. The device’s modulated optical output is fed directly into a Yokogawa AQ6319 Optical
Spectrum Analyzer (OSA) and the strength of the modulation sidebands are observed [32].
The optical power fed to the modulator input is a constant 20 dBm at 1550 nm. The lowest
RF input power occurs at a modulation frequency of 350 GHz and is —24 dBm, this value
includes probe insertion loss.

Using this setup optical sidebands up to 500 GHz are measured. In Fig. 3 the sidebands
are plotted at 5 GHz increments. For clarity only upper sidebands are shown in the figure, but
each set of sidebands corresponds to the modulator’s electro-optic response normalized to the
measured input power at the corresponding modulating frequency. Probe insertion loss, feed
loss, and harmonic generation in the modulating signal source are all accounted for in the
optical sideband normalization. The index matched modulator shows a frequency response up
to the measured 500 GHz with a roll off of 19 dB from DC. Simulated effective indices
suggest that at | THz the modal index mismatch is 0.03 and based on this we predict that the
EO response of this device will extend to 1 THz with a total roll off of 29 dB from DC.
However, characterization of our device is limited to 500 GHz by available equipment.
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Fig. 3. Normalized optical modulation spectra of a 1550 nm optical carrier modulated up to
500 GHz. This is a symmetric spectrum but for clarity only the upper portion is displayed.

Plotted in Fig. 4(a) are half-wave voltages shown as a function of frequency. Measured
values for half-wave voltage are extracted from the sideband data shown in Fig. 3 through the

following relation, V, (/)= 72'\/Zm (/) 2P, (f)) [33] where Z;,(f) is the CPW characteristic
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impedance and Py,(f) is the power in Watts of the normalized optical sideband. The calculated
V, trace is based on our simulated DC-V, value, simulated effective indices, and the CPW
scattering parameters. The S,; transmission parameter used for ¥, calculation is measured up
to 110 GHz, shown in Fig. 4(b), and then extrapolated to 500 GHz. The extrapolation of Sy,
accounts for radiative losses which are expected to become prevalent beyond 200 GHz [34].
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Fig. 4. (a) Measured and calculated modulator half-wave voltages are presented. The measured
trace is extracted from the sideband measurements. The calculated trace is based on the
simulated DC-V,, the measured/extrapolated S,; transmission parameter, and the simulated
effective indices. (b) Measured transmission S,; and reflection S;; parameters of a fabricated
device’s CPW electrodes.

4. Conclusion

Presented in this paper is, to the best of our knowledge, the first instance of an index-matched
travelling wave CIS LiNbO; modulator having a measured frequency response up to 500
GHz. The modulator’s unparalleled electro-optic performance makes it an ideal candidate for
emerging technologies in the THz regime, including sensing [20], imaging [21,22], and high-
data-rate communications [23]. Future work will require investigation of methods for
efficiently coupling light into and out of the device, whether it be within the context of hybrid
integration [12,13,15,17,19] or standalone use [7,9,24,35], as well as minimizing CPW THz
radiation losses.
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