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Abstract— Traveling-wave electro-optic (E-O) modulators
based on thin-film lithium niobate (TFLN) have attracted much
attention recently, as low half-wave voltage (Vπ ) and wide mod-
ulation bandwidth can be realized with a small footprint. A flat
E-O response of the modulator relies on low microwave loss, per-
fect velocity match and suitable terminal resistance. In this Letter,
we present velocity-matched TFLN modulator based on low-
loss capacitively-loaded traveling-wave electrodes (CL-TWEs)
with an on-chip terminal resistor. The effect of termination
resistance on the E-O frequency response is theoretically ana-
lyzed and experimentally confirmed. The TFLN modulator with
6-mm modulation length exhibit a Vπ of 2.7 V and a 6.4-dB
electrical bandwidth over 160 GHz. By adopting a termination
resistance slightly lower than the characteristic impedance of the
CL-TWEs, an ultra-flat E-O response has been demonstrated
with fluctuation less than 1-dB up to 50 GHz, consistent with the
theoretical prediction.

Index Terms— Thin-film lithium niobate, electrooptic modula-
tors, capacitively-loaded electrodes, frequency response.

I. INTRODUCTION

AS a fundamental part of broadband microwave pho-
tonic links, electro-optic (E-O) modulators have attracted

sustained attention for decades. E-O modulators based on
III-V compound semiconductors or silicon exhibit high mod-
ulation efficiency, but suffer from large optical loss and
microwave absorption [1], [2]. On the other hand, lithium nio-
bate (LiNbO3) shows special potential for high-performance
modulators due to its large E-O coefficient (30.8 pm/V) and
wide transparency window (350-5000 nm). However, conven-
tional LiNbO3 modulators with weakly-confined waveguides
are too bulky for integration [3].

Thin-film lithium niobate (TFLN) prepared by crystal ion
slicing and directly bonding allows for optical waveguides with
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strong confinement [4], leading to reduced device footprint and
improved electric field loading efficiency of the modulator.
TFLN modulators have demonstrated low half-wave volt-
age (Vπ) as well as large modulation bandwidth at millimeter-
scale modulation length [5]–[7]. In particular, we proposed to
employ periodic capacitively-loaded traveling-wave electrodes
(CL-TWEs) in TFLN modulators [8], and it was subse-
quently demonstrated to further break the bandwidth-voltage
limitation [9]–[12].

For applications such as microwave photonic radars [13],
especially when a clean spatial beam and a sharp temporal
impulse response are required for the multielement beam-
former with phase-coded RF pulse [14], both an ultra-flat
frequency response and a low Vπ are required for optical
modulators. However, the conductor loss (∝ √

f ) of the
traveling-wave electrodes leads to a steep roll-off in the
E-O response at low frequencies, which is aggravated by fluc-
tuations of characteristic impedance and microwave velocity.
It has been verified in previous studies [15]–[17] that a lower
terminal resistance brings about an initial rise in the E-O
response, thus can be employed to compensate the drop-off
at low frequencies for band equalization, but at the cost of
reduced static modulation depth and increased microwave
reflection. In this work, we demonstrate 160 GHz electrical
bandwidth for TFLN modulator with optimized CL-TWEs and
on-chip NiCr resistor [18]. The 6-mm-long modulator exhibits
a low half-wave voltage of 2.7 V, and the impact of different
terminators on the E-O response are theoretical analyzed and
experimentally demonstrated. By adopting a suitable terminal
resistance slightly lower than the characteristic impedance
of the CL-TWEs, ultra-flat E-O response with less than
1-dB fluctuation is secured up to 50 GHz, which is of great
significance for high-performance microwave photonic links.

II. DEVICE DESIGN

The schematic structure of our TFLN modulator is shown
in Fig. 1(a). Modulation arms connected by Y-branches
are formed on X-cut TFLN to realize parallel push-pull
Mach–Zehnder (MZ) configuration. The CL-TWEs are ter-
minated by an on-chip NiCr resistor [18]. A 90-degree bent
feedline is used to connect the CL-TWEs to microwave probes.
The cross-sectional view of the modulation region is shown in
Fig. 1(b). LiNbO3-SiO2 hybrid waveguide is adopted to ensure
low optical absorption for a reduced electrode gap [10], which
contains a 300-nm-deep ridge waveguide etched on 600-nm-
thick TFLN and covered by a 100-nm-thick silica layer. The
gap between the T-rails on both sides of the optical waveguide
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Fig. 1. (a) Schematic of our TFLN modulator. (b) Cross-sectional diagram
of the modulation arm. (c) Equivalent circuit for the TFLN modulator with
on-chip terminal.

is set as 3 μm for enhanced electric field loading efficiency.
Compared with our previous work [10], the unloaded elec-
trodes have been optimized for reduced microwave loss, and a
benzocyclobutene (BCB) layer is formed beneath the unloaded
electrodes for perfect velocity matching. The equivalent circuit
of the traveling-wave modulator can be modeled as Fig. 1(c).
Vg is the amplitude of the driving signal, and the source
impedance Zg is taken to be 50 �. The CL-TWEs can be mod-
eled as a transmission line with characteristic impedance Z0,
which is terminated by a load resistance Z L .

Based on the transmission line model shown in Fig. 1(c),
the average voltage applied on the modulator can be expressed
as [15]:

Vavg (ωm)

= 1

L

∫ L

0

Vg(1 + ρ1)eiβ0 L(ei(βe−β0)x + ρ2e−i(βe+β0)x)

2(eiβe L + ρ1ρ2e−iβe L)
dx

(1)

ρ1 = Z0 − Zg

Z0 + Zg
(2)

ρ2 = Z L − Z0

Z L + Z0
(3)

where L is the length of the modulation region, βe − βoand
βe +βo represent the wave vector walk-off between the optical
and the transmitted/reflected microwave signals, respectively,
while ρ1 and ρ2 denote the input/output reflection coefficients
of the microwave transmission line. The small signal frequency
response can be defined as:

M( f ) = 20log10

[
Vavg(2π f )

Vavg(2π f 0)

]
(4)

where the reference frequency f0 is usually taken to be dc or
a low frequency on the order of MHz.

Then microwave characteristics of CL-TWEs are obtained
by a full-wave simulation based on finite element method
(FEM). To achieve a flat E-O response, the dimensions of
the unloaded electrodes are adjusted to reduce the microwave

Fig. 2. (a) Simulated microwave loss compared with our previous work.
(b) Variation of the microwave index and the 3-dB E-O bandwidth with
the BCB layer thickness. (c) Simulated characteristic impedance Z0 of
the CL-TWEs.

transmission loss. The thickness of the gold electrode is set
as 4 μm, while the signal electrode width and the gap between
unloaded electrodes are taken to be 80 μm and 20 μm,
respectively. This results in a 30% reduction of simulated
microwave loss compared with our previous work [10]. The
inner slot of the 90-degree bent feedlines are designed as slow-
wave structure to equalize the electrical length with outer
slot, so as to suppress the microwave resonances at high
frequencies [19], as shown in Fig. 2(a). Moreover, to achieve
perfect velocity matching between the microwave signal and
the optical mode, the thickness of the BCB layer beneath
the main electrodes is adjusted to fine-tune the microwave
index. As the BCB layer thickness increases, more electric
field resides in the low dielectric constant region, which results
in a gradual reduction of the microwave index, as confirmed
by the simulation results shown in Fig. 2(b). As the major part
of the modulation electric field is distributed between T-rails,
this allows an accurately adjustment of the microwave index
without degrading the modulation efficiency. Also plotted in
Fig. 2(b) is the variation of the 3-dB E-O bandwidth with
the BCB layer thickness, assuming a standard 50-� terminal
resistance. A 1.5-μm-thick BCB layer is found to improve
the 3-dB bandwidth by more than 20 GHz. The simulated
characteristic impedance Z0 of the CL-TWEs is shown in
Fig. 2(c), which varies around 50 �.

In a traveling-wave modulator, both the characteristic
impedance of the transmission line and the terminal load are
usually taken to be 50 � to minimize microwave reflection.
However, the terminal resistance can be tuned to adjust the
E-O response of the modulator. The effect of different terminal
resistance on modulator E-O response can be calculated from
equations (1) and (4) with the simulated microwave transmis-
sion characteristics. The average voltages on the modulator
under different terminals are plotted in Fig. 3(a), assuming
a Vg of 1 V. The E-O responses in Fig. 3(b) reveal that a termi-
nal resistance Z L lower than the characteristic impedance Z0
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Fig. 3. Calculated (a) average voltages (b) E-O responses and (c) microwave
reflection S11 under different terminal resistance.

of CL-TWEs results in enhanced E-O response, which can be
explained by the negative reflection coefficient ρ2, i.e. Z L less
than Z0, results in an initial rise in the E-O response, whereas
for Z L greater than Z0, the E-O responses exhibits a sharp
drop-off at low frequencies. The roll off of the E-O response
at high frequencies is more or less similar for different terminal
resistances. Meanwhile, the electrical reflections shown in
Fig. 3(c) remains below −10 dB for Z L not too far deviated
from Z0. In other words, a suitable terminal resistance Z L

slightly lower than the characteristic impedance Z0 of the
CL-TWEs can be adopted to compensate for the drop-off at
low frequencies to obtain an ultra-flat E-O response.

III. DEVICE FABRICATION AND CHARACTERIZATION

The proposed modulators are fabricated on a 600-nm-
thick X-cut TFLN provided by NanoLN. The TFLN film is
formed on 500-μm-thick quartz substrate with 2-μm-thick
silica as the bonding layer. The optical waveguide patterns
are defined by electron beam lithography (EBL) with hydro-
gensilsesquioxane (HSQ) resist, and transferred to the TFLN
by argon-based reactive ion etching (RIE) to form 1-μm-wide
and 300-nm-thick ridge waveguides. The waveguides are
then encapsulated with 100-nm-thick silica layer by plasma
enhanced chemical vapor deposition (PECVD). The wafer is
cladded with a 1.5-μm-thick photosensitive BCB layer by
spin-coating. The BCB layer around the modulation arms
is selectively removed by developer, whereas the remaining
part is utilized for microwave index control and isolation
between optical Y-branches and metal electrodes. A two-step
fabrication process is employed for the CL-TWEs: First a lift-
off process with polymethylmethacrylate (PMMA) exposed by
EBL is employed to form T-rails with high positional accuracy.

Fig. 4. SEM images of (a) the modulation region containing narrow-gap
T-rails and (b) the on-chip NiCr terminal resistor.

Fig. 5. Normalized optical transmission as a function of driving voltage.

Next, the main electrodes are defined by contact UV lithog-
raphy, and thickened to more than 4 μm by electroplating
to reduce the microwave loss. The CL-TWEs are terminated
with an on-chip NiCr resistor formed by a lift-off process. The
scanning electron microscope (SEM) images of the modulation
region and the on-chip terminal are shown in Fig. 4.

The modulator is characterized by end-butt coupling via two
tapered fibers. As the photorefractive effect of LiNbO3 may
result in measurement errors of Vπ with DC scanning, 1 MHz
triangular-wave voltage signal is fed to the modulator through
a G-S-G probe. The optical extinction curve is obtained on
a modulator with open terminal to avoid inconsistent voltage
division on the modulator caused by different terminal resis-
tance Z L . As shown in Fig. 5, a low Vπ of 2.7 V is obtained
for 6 mm modulation length, corresponding to a half-wave
voltage length product Vπ L of 1.62 V·cm, consistent with
our previous results [10]. The fiber-to-fiber loss is measured
as 16 dB, which consists of 4 dB on-chip loss and 6 dB/facet
coupling loss due to the mode field mismatch between the
lensed fiber and the optical waveguide.

The high-frequency modulation behavior of the modulators
are then characterized. The microwave transmission prop-
erties of the CL-TWEs are tested first on the modulator
with open terminal. High-frequency microwave signal from a
Keysight N5290A vector network analyzer (VNA) equipped
with a frequency extension module up to 170 GHz is fed
to the CL-TWEs via two microwave probes. The measured
S-parameters are shown in Fig. 6(a). The 6.4-dB electri-
cal bandwidth is measured to be 160 GHz, indicating the
low-loss transmission property of the CL-TWEs. Compared
with our previous results [10], the electrical resonances are
suppressed, thanks to the optimized 90-degree bent feedlines.
The measured microwave loss is higher than the simulation
results, which may be attributed to the high resistance of the
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Fig. 6. (a) Measured microwave transmission S21 and reflection S11 of the
CL-TWEs. (b) The extracted microwave index.

Fig. 7. (a) The measured E-O responses with different terminal resistances.
(b) The microwave reflection S11with different on-chip resistors.

fabricated T-rails. The extracted microwave index shown in
Fig. 6(b) reveals a perfect match with the optical group index
(ng ∼2.25), indicating that the E-O frequency response is only
affected by microwave loss and impedance matching condition
in this case.

For E-O response characterization, the modulated signal
is fed back to the VNA via a high-speed photodetector
(u2t XPDV2120R) with a bandwidth up to 50 GHz. The
calibrated E-O responses for modulators with different
terminal resistances are plotted in Fig. 7(a). The extended
E-O responses are calculated by the transmission line model
with measured microwave parameters, and are consistent with
the measurement results over the test frequency band. For the
TFLN modulator with 38 � on-chip terminal resistance, the
E-O response reveals an initial rise and exhibits an ultra-flat
frequency response with fluctuations less than 1 dB up
to 50 GHz. Meanwhile, the electrical reflection S11 shown
in Fig. 7(b) remains approximately below −10 dB, thus
avoiding the negative influence on the E-O modulation and
electrical driver.

IV. CONCLUSION

TFLN modulator with ultra-flat E-O response is imple-
mented with low-loss CL-TWEs terminated by on-chip resis-
tor. 2.7 V Vπ and 160 GHz electrical bandwidth are realized
simultaneously with 6-mm modulation length. The dependence

of E-O response on terminal resistance is theoretically ana-
lyzed and experimentally confirmed. Ultra-flat E-O response
with less than 1-dB fluctuation up to 50 GHz is obtained
by adopting a terminal resistance slightly lower than the
characteristic impedance of the CL-TWEs, in consistence with
our simulations. This demonstration provides a design method
for improved frequency response of TFLN modulators.
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