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Abstract: We demonstrate an O-band substrate-removed thin-film lithium niobate modulator with
a low microwave loss of 0.24 dB cm™' GHz 2. The device features a 1-V half-wave voltage and
1.4 dB EO response roll-off at 50 GHz. © 2022 The Author(s)

1. Introduction

Lithium niobate on insulator (LNOI) platform is promising for high-speed modulation [1-3], due to its strong
Pockels effect, femtosecond timescale electro-optic (EO) response, and low optical loss. The microwave
propagation loss is a detrimental factor in decreasing the bandwidth of the traveling-wave modulator, especially for
a long modulation length which is necessary for a low drive voltage. The two main types of microwave loss (a.,) are
dielectric loss and conductor loss [4]. Dielectric loss is closely related to the substrate material, and conductor loss is
highly dependent on electrode design. Thin-film LN modulator with capacitively loaded traveling-wave electrode
(CL-TWE) had demonstrated ultra-low microwave losses (0.26 dB cm™! GHz ?) on quartz substrate [1]. The air
can offer lower permittivity and intrinsic loss (tandp) than quartz, resulting in a lower dielectric loss. Air gaps
underlying TWE can be formed by isotropic etching silicon substrate [5-6]. Besides, the silicon substrate is
compatible with microelectronics and is low-cost.

In this paper, we demonstrate a substrate-removed LN Mach-Zehnder modulator (MZM) with CL-TWE on the
LN-on-silicon platform. The microwave loss is greatly reduced to 0.24 dB cm™' GHz ' due to substrate removal.
We achieve perfect velocity matching by optimizing the CL-TWE and controlling the depth of the air gap. The
fabricated device features a half-wave voltage (7;) of 1V and an electro-optic response with a 1.4 dB roll-off at 50
GHz at the O-band.

Fig.1. Schematic diagram and SEM images of the silicon-removed LNOI-based modulator.

2. Substrate-removed MZM design and fabrication

The proposal substrate-removed device structure is depicted in Fig. 1. The device was fabricated on an LN-SiO,-
silicon wafer with a 3-um SiO; layer and the high-resistivity silicon substrate for negligible substrate leakage loss.
The MZM adopts optimized CL-TWE in ground-signal-ground (GSG) configuration, where the two etched LN
waveguides lie in the gaps of the T-rails of ground and signal electrodes. The 900-nm-thick Au electrodes are
deposited and patterned with the lift-off process. Then, we patterned and dry-etched the LN film and SiO, around
the T-rails of the CL-TWE to form the deep air trenches down to the silicon substrate. Finally, we removed the
silicon substrate underlying the electrodes by the dry etching process. The etching depth is controllable by adjusting
the etching time.
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Because silicon has a relatively large tandp of 0.043 [7], the silicon substrate needs to be removed in areas
where the microwave electric field is concentrated to minimize dielectric loss. We adopt a depth of air gap (d;) of 17
pm and the mostly electric field is propagation in the air instead of silicon (Fig. 2. (a)). Meanwhile, the value of d; is

inversely proportional to the microwave group indices. Perfect matching between the depth of air gap can be
achieved when d; is around 17 pum.
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Fig. 2. (a) Simulated microwave electric field distribution. (b) Calculated microwave mode indices (50 GHz)
as a function of air gap depth.

3. Experimental results

The microwave performance of CL-TWE determines the bandwidth and transmission performance of the modulator
to a large extent. We measured the small-signal response using a 67-GHz vector network analyzer (VNA) with all
external probes and coaxial lines de-embedded. As shown in Fig.3 (a), the fabricated 20-mm CL-TWE has low
electrical reflection below -24 dB in the frequency range from 0.1 GHz to 67 GHz, showing good impedance
matching. The velocity between microwave and optical waves is well matched in the test frequency range (Fig. 3(b)),
indicating the depth of the air gap is close to our prediction.

We extract the RF loss from the measure EE response of the CL-TWE with silicon removal and the regular
TWE. As shown in Fig. 3(a-b), the om of the CL-TWE adopted in this work (0.24 dB cm™' GHz '"?) is significantly
lower than that in regular TWE (0.62 dB cm ™' GHz ?). The am of the CL-TWE and frequency show a square root

dependence, from which it can be inferred that the air gap minimizes the dielectric loss and the conductor loss
dominates [4].
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Fig. 3. (a) Measured electrical reflection, (b) measured microwave mode index, and (c-d) measured
microwave losses (solid lines) of a 20-mm silicon-removed thin-film LN MZM.

We characterize the low-frequency V; and the EO response of the 20-mm-long modulator at the wavelength of
1310 nm. As shown in Fig. 4. (a), the measured V; is 1 V, corresponding to the modulation efficiency of 2 Vem. The
EO S, magnitude indicates a 1.4 dB roll-off at 50 GHz (Fig. 4. (b)). The 3-dB bandwidth is well beyond the
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measurement limit from our 50-GHz photodetector (Finisar XPDV2320). In Fig. 4. (b), we also extrapolate the
expected 3-dB EO bandwidth performance based on the measured am, to beyond 100 GHz.

@ 4 (b)
> o 0 —Measured
9] ) = =Fitting
=4 -1r -~ 4
£ 5 8
o c < | ViE=-__
> S 8 2t e
c n 7
S o ¢ 3
] o -
s o
o O -4r
= |
5 . . . .
. 3 20 40 60 80 100
Time (s) %10 Frequency (GHz)

Fig. 4. (a) Measured half-wave voltage and (b) measured (blue solid line) and simulated (black dash line) EO
S, response of a 20-mm silicon-removed thin-film LN MZM.

4. Conclusion

We demonstrate a 20-mm-long substrate-removed modulator on the LN-on-silicon platform. The microwave loss is
significantly reduced by removing silicon and using optimized CL-TWEs. The fabricated device features a COMS-
compatible V; (1 V), a 1.4 dB EO response roll-off at 50 GHz, and the 3-dB bandwidth is predicted beyond 100
GHz. The silicon removal process used in this work is compatible with fabricating thermal isolation trenches and
cantilever structures, which shows the great potential for monolithic integration with power-efficient thermal-optic
phase shifters [5] and low-loss cantilever edge couplers [8].
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