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Abstract: A thin film lithium niobate (TFLN) electro-optic modulator based on a partially
removed benzocyclobutene (BCB) bonding layer is proposed for sub-terahertz bandwidth. Low-
loss microwave transmission is realized by periodic capacitively loaded travelling-wave electrodes
(CL-TWEs) with an undercut structure, and the air-filled region beneath the modulator arms is
adjusted to secure impedance and velocity matching. A low half-wave voltage length product
of 1.2 V·cm can be achieved with 2-µm-gap loaded electrodes, while the 3-dB electro-optic
modulation bandwidth for 10 mm modulation length is estimated beyond 300 GHz, thus allowing
sub-terahertz operation.
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1. Introduction

With the increasing demand of data transmission rate, wide bandwidth electro-optic modulators
are required in 5G communications and beyond [1]. Modulators based on silicon or III-V
semiconductors are difficult to break the bandwidth limitation due to high microwave loss [2,3].
Lithium niobate with high insulation and low dielectric loss has been targeted for ultra-wide
bandwidth modulators [4,5]. Furthermore, the high index contrast of waveguides on ion-sliced
thin-film lithium niobate (TFLN) allows a narrow electrode gap, thus greatly reducing the
half-wave voltage [6–17].

Traveling-wave electrodes are widely adopted in high-speed electro-optic modulators [2–17].
Coplanar waveguide traveling-wave electrodes (CPW-TWEs) are employed in most TFLN
modulators [6–14], which allows a parallel push-pull configuration. To achieve wide modulation
bandwidth, velocity matching between microwave and optical signals as well as impedance
matching should be satisfied. As revealed by Fig. 1, narrow-gap electrodes are employed in TFLN
modulators with high-contrast waveguide [6–17] for improved modulation efficiency. Meanwhile,
a narrow signal electrode has to be employed to maintain a standard impedance of 50 Ω, thus
increasing the surface resistance of the transmission line and leading to enhanced microwave loss.
To overcome the modulation bandwidth limitation of CPW-TWEs due to the high microwave
loss caused by narrow-gap electrodes, periodic capacitively-loaded travelling-wave electrodes
(CL-TWEs) are adopted in TFLN modulators [15–17]. As illustrated in Fig. 1, CL-TWEs
contain narrow-gap T-rails loaded between wide-gap CPW-TWEs to enhance the electric field
intensity. As the T-rails act as capacitance loading and contribute little to the axial current
[18], the capacitance and inductance per unit length of the CL-TWEs can be adjusted relatively
independently by the loaded and unloaded elements. Low-loss microwave transmission can be
realized with a wide unloaded signal electrode, while impedance matching can be maintained by
increasing the gap between the unloaded signal and ground electrodes, shown as the dashed line
on the right of Fig. 1. Consequently, high electric field loading efficiency and low microwave
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loss can be secured simultaneously by employing CL-TWEs with narrow-gap T-rails and wide
central signal electrode.

 

Fig. 1. Comparison of electrode gap and microwave loss between CPW-TWEs and
CL-TWEs. The characteristic impedances of both structures are assumed to be 50 Ω.

However, as the capacitive loading also slows down the microwave signal, velocity matching is
difficult to be satisfied with a relatively fast light wave in lithium niobate (εopt ∼ 5, εRF ∼ 28).
The characteristic impedance Zm and microwave refractive index nm of CPW-TWEs can be
expressed as follows [19]:

Zm =

√︃
L0
C0

(1)

and
nm =

c
vm
= c

√︁
L0C0 (2)

where C0 and L0 are the capacitance and inductance per unit length, and c is the speed of
light in vacuum. On the other hand, as the T-rails mainly play a role of capacitive loading,
the characteristic impedance Z′

m and microwave refractive index n′

m of the CL-TWEs can be
estimated by [19]:
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where CT represents the capacitance introduced by the T-rails, which leads to reduced characteristic
impedance and microwave velocity. To secure impedance and velocity matching, it is essential
to reduce the equivalent dielectric constant of the materials under the CL-TWEs for a reduced
capacitance.

In previous reports, TFLN on quartz substrate instead of silicon substrate proved to be a
possible solution [15–17]. To reduce the half-wave voltage length product VπL, electrode gaps of
2 µm or even narrower are employed [10,15], resulting in further reduced microwave velocity
and characteristic impedance due to an overloaded capacitance. Here we report using undercut
structure to realize velocity and impedance matching in TFLN modulators based on CL-TWEs
with narrow T-rail gaps.
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2. Device structure

As shown in Fig. 2(a), air-filled undercut regions are formed beneath the TFLN modulation arms
by partially removed photosensitive benzocyclobutene (BCB), which acts as the bonding layer
and can be conveniently patterned by photolithography. The capacitance of CL-TWEs can be
adjusted by varying the thickness of the BCB/air bonding layer. Consequently, the T-rail gap
can be reduced while maintaining velocity and impedance matching, resulting in an improved
bandwidth-voltage performance.

 

Fig. 2. (a) 3-D diagram of the proposed TFLN modulator, (b) top-view of the CL-TWEs,
and (c) cross-section view of the modulation region. The modulation arms are aligned to the
air-filled undercut region.

As shown in Fig. 2(c), the pattern of BCB bonding layer is defined by photolithography on the
quartz substrate with low dielectric constant. Ion-sliced lithium niobate thin film is then bonded
to the BCB layer. The optical waveguides as well as the T-rails of the CL-TWEs are formed over
the air-filled region. Furthermore, the electrodes are separated from the TFLN slab by a thin
silica buffer layer to ensure low optical absorption [15,17]. This configuration allows precise
adjustment of the thickness and the width of the undercut region, so as to achieve the desired
capacitance for CL-TWEs to maximize modulation bandwidth.

According to Eqs. (3) and (4), the microwave refractive index of the CL-TWEs can be related
to the capacitance per unit length as follows:

n′
m = C′

0 · c · Z ′
m (5)

where Z′

m=50 Ω under the impedance matching condition. As the inductance can be adjusted
flexibly by unloaded electrode spacing without deteriorating the half-wave voltage, the microwave
index is found to depend solely on the capacitance of the CL-TWEs. A narrow T-rail gap
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helps enhance the modulation electric field and reduce the half-wave voltage, but the increased
capacitance slows down the microwave signal and limits the modulation bandwidth. To overcome
this problem, the modulation arms are formed over the air-filled undercut regions, where the
electric field is concentrated, as illustrated in Fig. 3(a). The effect of the undercut on the
capacitance per unit length is shown in Fig. 3(b). The capacitance can be reduced by more than
20% to the desired value by adjusting the thickness of the BCB/air bonding layer. Thus both
velocity and impedance matching can be achieved simultaneously with narrow-gap T-rails. The
effect of velocity/capacitance mismatch on the modulation bandwidth is plotted in Fig. 3(c). For
a device with 10 mm modulation length, a modulation bandwidth exceeding 300 GHz can be
secured with less than 2% capacitance/index deviation, assuming lossless microwave transmission
and perfect impedance matching. It is evident that in the proposed structure, the capacitance of
narrow-gap CL-TWEs can be effectively reduced and precisely adjusted to attain a sub-terahertz
modulation bandwidth.

 

Fig. 3. (a) Normalized electric field with and without undercut. (b) Variation of the capaci-
tance with the T-rail gap for different bonding layer thickness. (c) Modulation bandwidth
varies with index/capacitance mismatch, assuming lossless microwave transmission and
perfect impedance matching.

3. Design method and result

3.1. Design of the CL-TWEs

To ensure desirable modulation performance, the capacitance and inductance of the travelling-
wave electrodes should be adjusted to ensure impedance and velocity matching. For CL-TWEs,
the capacitance mainly comes from the narrow-gap T-rails, while their influence on the inductance
is negligible. As a result, the capacitance and the inductance of the transmission line can be
tuned separately by adjusting the loaded and unloaded elements. Through a full-wave simulation
as shown in Fig. 4(a), for a TFLN modulator with silica bonding layer, the duty cycle of T-rails
reduces with the electrode gap to maintain a constant capacitance. This would reduce the effective
modulation length and increasing the half-wave voltage of the modulator. On the other hand, a
narrow T-rail gap with a duty cycle of 90% can be secured for the undercut TFLN modulator by
adjusting the BCB/air bonding layer thickness, thus achieving low half-wave voltage without
degrading the microwave transmission. According to our simulations, a 2-µm T-rail gap with 90%
duty cycle can be implemented with 10-µm-thick and 40-µm-wide undercut area beneath the two
modulation arms. Meanwhile, the inductance can be adjusted by varying the dimensions of the
unloaded electrodes. A wide central signal electrode is preferable as it helps reduce conductor
loss, while the gap between the unloaded electrodes should be increased accordingly for constant
inductance. However, the microwave loss due to T-rails increases as the connection region
lengthens, and the radiation loss also increase as the signal electrode widens [20]. Consequently,
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a signal electrode width of 120 µm together with an unloaded electrode gap of 26 µm are chosen
to ensure low-loss microwave transmission as shown in Fig. 4(b). Furthermore, the influence of
undercut region dimensions on microwave loss are also shown in the Figs. 4(c) and 4(d).

 

Fig. 4. (a) Variation of the T-rail gap with duty cycle to maintain a constant capacitance. A
large duty cycle of 90% can be achieved by varying the BCB/air bonding layer thickness.
(b) Variation of unloaded electrode gap and microwave loss with the width of the unloaded
signal electrode under inductance matching condition. Microwave loss varies with the (c)
height and (d) width of undercut area. The stars in (a), (b), (c) and (d) indicate the designed
values.

As shown in Fig. 5, the microwave refractive index and microwave loss increase sharply
close to the cut-off frequency (Bragg frequency) of the periodic CL-TWEs, which is inversely
proportional to the electrode period [3]. To ensure a smooth variation of the microwave refractive
index as well as a low microwave loss up to 300 GHz, CL-TWEs with a 20-µm T-rail period is
chosen.

The optimized parameters for the TFLN modulator based on undercut structure are given in
Table 1.

Table 1. Structural parameters of the TFLN modulator.

Parameters Lp Lact Ws G1 G2 Hg Wbcb Hbcb Hslab Hridge Hsilica

Value (µm) 20 18 120 2 26 1 40 10 0.3 0.3 0.15

3.2. Half-wave voltage

The 2-µm-gap T-rails, which play an important role in the reduction of half-wave voltage, are
separated from the TFLN by a 150-nm-thick silica buffer layer to maintain a low optical absorption
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Fig. 5. The influence of cut-off frequency on (a) microwave refractive index and (b)
microwave loss.

under 1 dB/cm [15], resulting in an on-chip loss less than 1 dB for 10 mm modulation length. The
refractive index change of the X-cut TFLN modulator shown in Fig. 2 can be estimated as [21]:

∆neff =

∫∫
LN r33Ee(x, z) · |Eo(x, z)|2dxdz

2
∫∫

|Eo(x, z)|2dxdz

n4
LN

neff
(6)

where nLN and r33 are the refractive index and the electro-optic coefficient of lithium niobite,
while Ee and Eo are the modulation electric field and the optical field, respectively. And neff is
the effective refractive index of the optical waveguide. 3D electric field together with optical
mode are calculated by FEM to determine the half-wave voltage of the modulator. The electric
field under 1 V applied voltage is shown in Fig. 6(a).

The refractive index variation along the optical waveguide are shown in Figs. 6(c) and 7(d).
Due to the small period (20 µm) and the large duty cycle (90%) of the T-rails, strong fringing
electric field exists between adjacent T-rails and attributes to the modulation. The average
refractive index change is shown as the red line. Compared with conventional TFLN on silica
bonding layer, the proposed TFLN modulator with air-filled undercut region exhibits a refractive
index change enhancement of about 10%, thanks to the more concentrated optical confinement.
For the under-cut TFLN with parameters given in Table 1, the half-wave-voltage length product
is estimated to be as low as 1.2 V·cm.

3.3. Frequency response

The microwave S-parameters of the CL-TWEs obtained by finite element method (FEM)
with surrounding ground-ring excitation [22] and radiation boundary are plotted in Fig. 7(a).
Furthermore, the experimental and simulation data of our previous work [17] are also included in
Fig. 7(a) for comparison. The extracted microwave refractive index in Fig. 7(b) shows a perfect
match with the optical group index (∼2.26). The microwave loss shown in Fig. 7(c) comes from
three parts: Conductor loss dominates in the designed operating frequencies, which comes from
the main electrodes and the T-rails, radiation loss shows a sharp increase at higher frequencies,
while dielectric loss is relatively small for materials with low loss tangent, e.g. silica/quartz
(<2× 10−3) [23], BCB (<10−2) [24] and lithium niobate (<10−2) [25]. As a rough estimation,
the 3-dB electro-optic modulation bandwidth corresponds to 6-dB roll-off in the microwave
transmission S21, which exceeds 300 GHz for a device with 10 mm modulation length. The
microwave reflection S11 remains below –20 dB up to 300 GHz, indicating satisfactory impedance
matching.
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Fig. 6. (a) Electric field distribution between the electrode gap (top view). The averaged
electric field along the optical waveguide is indicated by the white line. (b) Electric field
distribution with and w/o T-rails on both sides (cross-section view). Refractive index
variation along the optical waveguide with (c) BCB/air bonding layer and (d) silica bonding
layer.

For a precise estimation of the electro-optic frequency response, the impedance and velocity
mismatch as well as the microwave transmission loss are taken into account via a full-wave
simulation [26]. As the length of the T-rail is much smaller than the microwave wavelength, the
CL-TWEs can be modelled as lumped elements connected to the main electrodes. According to
the transmission line model, the average effective loaded voltage along the modulation length L
at modulation frequency ω can be expressed as [26]:

Vavg(ω) =
1
L

M∑︂
i=1

Vmax
2

(1 + ρ1)eiβoL ei(βe−βo)(i− 1
2 )Lp + ρ2e−i(βe+βo)(i− 1

2 )Lp

eiβeL + ρ1ρ2e−iβeL Lact (7)

where M is the total number of T-rail electrodes, Vmax is the amplitude of the driving voltage, L is
the total length of the modulator, βe-βo and βe+βo represent the wave vector walk-off between the
optical and the transmitted/reflected microwave signals, respectively, while ρ1 and ρ2 represent
the input/output reflection coefficients of the microwave transmission line.

The electro-optic response of the proposed TFLN modulator with undercut structure is shown
in Fig. 7(d). A 3-dB electro-optic bandwidth exceeding 300 GHz is predicted for a device with
10 mm modulation length.
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Fig. 7. (a) Microwave transmission S21 and reflection S11 for 10 mm modulation length. (b)
Microwave refractive index and (c) microwave loss vs. frequency. (d) Electro-optic response
for a modulator with 10 mm modulation length.

Table 2. Performance comparison of different modulator structure.

Structure Ref. Vπ ·L 3-dB E-O bandwidth Vπ

CPW-TWEs

[6]
2.8 V·cm 45GHz @ 20mm 1.4 V

2.3 V·cm 80GHz @ 10mm 2.3 V

2.2 V·cm 100GHz @ 5mm 4.4 V

[7] 2.5 V·cm 70GHz @ 5mm 5.1 V

[8] 6.7 V·cm 106GHz @ 5mm 13 V

[9] 3.7 V·cm 29GHz @ 24mm 1.3 V

[10] 0.86 V·cm >3GHz @ 7.5mm 1.15 V

[11] 1.75 V·cm >40GHz @ 5mm 3.5 V

CL-TWEs
[16] 2.6 V·cm

>50GHz @ 20mm
1.3 V

(180 GHz predicted)

[17] 1.7 V·cm
>67GHz @ 5mm

3.4 V
(200 GHz predicted)

CL-TWEs (undercut structure) This work 1.2 V·cm 300GHz @ 10 mm 1.2 V

4. Conclusions

A wideband TFLN modulator for sub-terahertz operation is proposed. With the undercut structure
formed by partially-removed BCB bonding layer for velocity and impedance matching, both
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ultra-wide bandwidth and low driving voltage can be realized simultaneously with narrow-gap
CL-TWEs. For a device with 10-mm modulation length, half-wave voltage as low as 1.2 V can be
obtained with narrow-gap (2 µm) and large-duty-cycle (90%) T-rails, while the 3-dB electro-optic
bandwidth is estimated to be beyond 300 GHz. The performances of TFLN modulators based on
different electrode and waveguide structures are summarized in Table 2.

The bandwidth-voltage limitation of TFLN modulators based on traditional CPW-TWEs is
about 40 GHz/V, while value for devices with CL-TWEs is about 140 GHz/V. The proposed
TFLN modulator based on an undercut structure is predicted to extend the limitation to 250
GHz/V, demonstrating the capacity for sub-terahertz operation with a low half-wave voltage.
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