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Abstract: A membrane multiple quantum well (MQW) electro-optical (EO) modulator exploit-
ing low loss high-k radio-frequency (RF) slot waveguides is proposed for sub-terahertz bandwidth.
By employing high-k barium titanate (BTO) claddings in place of doped InP cladding layers in
traditional InP-based MQW modulators, the proposed modulator exhibits enhanced modulation
efficiency and bandwidth as well as reduced insertion loss. A low half-wave voltage-length
product of 0.24 V·cm is estimated, together with over 240 GHz bandwidth for a 2-mm-long
modulation region, thus allowing sub-terahertz operation.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

High-speed EO Mach-Zehnder modulators (MZMs) play an important role in optical commu-
nications [1–3] and microwave photonics [4]. High performance modulators are required in
such applications, including small half-wave voltage Vπ , low insertion loss, short modulation
length and large modulation bandwidth. In practice, however, these requirements are usually
contradictory and difficult to fulfill simultaneously. Commonly used materials for EO MZMs
include organic polymers, silicon, lithium niobate (LN) and III-V compound semiconductors.
Thanks to the high EO coefficient of organic polymers, a polymer EO modulator based on
metal-insulator-metal (MIM) structure can be as short as only tens of microns, while its theoretical
modulation bandwidth can reach ∼THz [5–7]. However, such devices suffer from high insertion
loss due to significant optical absorption loss induced by the MIM structure. Silicon-based
modulators exploit plasma dispersion effect due to the absence of Pockels effect. The modulation
bandwidth of carrier-injection devices is limited by carrier transit time [8], while carrier-depletion
devices exhibit low modulation efficiency [9–12]. Thin-film LN (TFLN) modulators have
attracted extensive research interest in recent years [2,13–17]. However, so far, the half-wave
voltage-length product VπL of the reported TFLN modulators remains ∼2 V·cm due to low
electric field loading efficiency, which is defined as the ratio of the voltage falling on active
region to the total applied voltage. In III-V compound semiconductors, Pockels and Kerr effects,
as well as quantum-confined Stark effect (QCSE) in multiple-quantum-wells (MQWs) can be
exploited for efficient modulation [18–21]. The MQW core of InP-based modulators exhibit
high electric field loading efficiency and typical VπL is ∼0.6 V·cm. InP MZMs based on n-i-p-n
heterostructure have demonstrated half-wave voltage of 1.5 V and 3-dB modulation bandwidth
exceeding 60 GHz [22,23]. Nevertheless, the doped cladding layers in InP-based modulators
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cause additional microwave loss, which limit their modulation bandwidth. The best modulation
bandwidth performance of InP-based modulators reported so far is around 80 GHz [23].

In this work, we propose a novel membrane MQW EO modulator, which combines tight
optical confinement of photonic waveguides with high electric field loading efficiency of low
loss high-k RF slot waveguides [24]. Adopting high-k material BTO as the cladding layers
significantly improves the optical and electrical properties of the device. The high refractive
index contrast between the BTO claddings and the MQW core ensures strong optical confinement,
while the enormous dielectric constant of the BTO claddings results in efficient electric field
loading in the MQW core. Meanwhile, the highly insulating BTO not only avoids free carrier
absorption loss due to the doped claddings in traditional InP-based modulators, but also helps
greatly reduce the microwave loss. Consequently, the proposed modulator structure exhibits both
improved modulation bandwidth and high modulation efficiency, as well as reduced insertion loss.
Simulation results reveal that the membrane MQW modulator with a 2-mm-long modulation
region exhibits a half-wave voltage of 1.2 V and a bandwidth over 240 GHz.

2. Device structure

The 3D schematic as well as the cross-sectional and top views of the proposed membrane MQW
EO modulator are illustrated in Fig. 1. The membrane modulator contains a 390-nm-thick MQW
core consisting of 19 pairs of 10 nm/10 nm InGaAlAs/InAlAs quantum wells [1] sandwiched
between BTO cladding layers. The MQW core can be formed via transfer-print [25,26] or
bonding technique [27,28], whereas the BTO claddings can be prepared with RF magnetron
sputtering followed by a lift-off process. The effective dielectric constant and conductivity of
sputtered BTO is reported to be 210 and 9.1×10−11 S/cm, respectively [29], while its refractive
index is 1.85 at a wavelength of 1550 nm. Compared with InP claddings commonly adopted in
InP-based MQW modulators, BTO claddings not only ensures strong EO interaction, but also
suppresses microwave propagation loss and optical absorption loss.

In an n-i-p-n MQW modulator, the doped InP cladding layers form resistively coupled MQW
(RC-MQW) loop, ensuring efficient loading of the electric field to the MQW core, as shown
in Figs. 2(a) and 2(b). However, the doped claddings induce additional RF loss, making it
difficult to further increase the bandwidth of traditional InP-based modulators. The optical field
distribution in the n-i-p-n MQW modulator is given in Fig. 2(c). A portion of the optical field is
seen to penetrate into the doped claddings due to the relatively small refractive index contrast
between the cladding layers (nInP = 3.17) and the MQW core (nMQW = 3.37), resulting in free
carrier absorption loss. In the proposed membrane modulator, high-k material BTO is adopted in
place of doped InP claddings to form a capacitively coupled MQW (CC-MQW) loop, as shown
in Fig. 2(d). As the dielectric constant of BTO (εBTO = 210) is much greater than that of the
MQW core (εMQW = 12.256), the continuity of electric displacement vector along z-direction
means highly concentrated RF field in the MQW core. In other words, the formation of high-k
RF slotline [30] ensures efficient loading of the RF modulation field, as shown in Fig. 2(e).
Meanwhile, the low conductivity of BTO helps reduce microwave loss while maintaining high
electric field loading efficiency, thus allowing further improvement of the modulation bandwidth.
The high refractive index contrast between the BTO claddings (nBTO = 1.85) and the MQW
core enables a strong optical confinement in the membrane modulator, as shown in Fig. 2(f).
A tight optical confinement means enhanced EO interaction, which is conducive to half-wave
voltage reduction. In addition, the highly insulating BTO eliminates free carrier absorption loss,
resulting in reduced insertion loss.
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Fig. 1. (a) 3D schematic view, (b) top view and cross-sectional view of (c) loaded region
and (d) unloaded region of the membrane MQW EO modulator.
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Fig. 2. (a) RC-MQW loop, (b) RF field and (c) optical field within an n-i-p-n modulator.
(d) CC-MQW loop, (e) RF field and (f) optical field within the membrane modulator
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3. Design of the membrane MQW modulator

3.1. Waveguide structure

As depicted in Fig. 1(c), the waveguide width W1 is set to 1.5 µm to ensure single mode operation
while taking fabrication feasibility into consideration. The gap G1 between the two modulation
arms is taken to be 4 µm. The variation of the optical absorption loss and the electric field loading
efficiency with the BTO cladding thickness hBTO is shown in Fig. 3. The optical absorption
loss increases abruptly when hBTO is below 200 nm, as the evanescent optical field in the BTO
cladding layer becomes in contact with the gold electrodes, while it remains basically unvaried
when hBTO is greater than 400 nm. On the other hand, the electric field loading efficiency
decreases with hBTO, as a greater portion of the modulation voltage falls on the BTO claddings.
In order to satisfy both high electric field loading efficiency and low optical absorption loss, hBTO
is determined to be 400 nm.

Fig. 3. Variation of optical absorption loss and electric field loading efficiency with hBTO.

3.2. Design of the CL-TWEs

Capacitance-loaded traveling-wave electrodes (CL-TWEs) is employed to ensure excellent
impedance matching and velocity matching, as shown in Fig. 1(b). The T-rails in CL-TWEs allow
independent adjustment of capacitance and inductance per unit length [31]. The capacitance per
unit length mainly depends on the T-rails, while the inductance per unit length can be adjusted by
varying the width and the gap of the main electrodes. For InP-based MQW modulators with
doped InP claddings, a secondary epitaxy or ion implantation process is required to implement
the CL-TWEs. In the proposed membrane modulator, electrical isolation between the loaded
region and the unloaded region can be directly realized by the highly insulating benzocyclobutene
(BCB) and BTO.

For the 390-nm-thick MQW core, the duty cycle of T-rails η should be around 0.8 to ensure
desired value of the capacitance per unit length (233.33 pF/m). The gap G2 and width WELE
of the main electrodes need to be adjusted to obtain the expected value of inductance per unit
length (583.33 nH/m). A wide main electrode helps reduce microwave loss, thus improving
the modulation performance. Based on our simulations, WELE is taken to be 20 µm, as further
widening of the main electrodes does not lead to noticeable decrease in microwave loss. The
corresponding G2 is determined to be 12 µm. The period of the CL-TWE is chosen to be 50
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µm to ensure a cut-off frequency (Bragg frequency) beyond 500 GHz. The modulation length is
taken as 2 mm to obtain high modulation bandwidth and low half-wave voltage at the same time.
The optimized parameters of the membrane modulator are listed in Table 1.

Table 1. Parameters of the proposed membrane MQW EO modulator

Parameter L hELE hele hBTO hSiO2 hMQW

Value 2 mm 2 µm 500 nm 400 nm 3 µm 390 nm

Parameter W1 W2 G1 G2 WELE η

Value 1.5 µm 9 µm 4 µm 12 µm 20 µm 0.8

4. Results and discussion

4.1. Microwave loss, electric filed loading efficiency and optical absorption loss

The calculated microwave loss per effective modulation length of the membrane MQW modulator
through a full-wave simulation is shown in Fig. 4, in which the microwave loss of the n-i-p-n
modulator is also plotted for comparison. The dielectric loss tangents for BTO, silicon, SiO2
and BCB are set to 3×10−2 [30], 3×10−5, 2×10−3 and 1×10−2, respectively. At low frequencies,
the microwave losses of the two modulators are basically equal. As the modulation frequency
increases, microwave loss due to the doped claddings become dominant, and the n-i-p-n modulator
exhibits a much higher microwave loss at frequencies above 100 GHz.

Fig. 4. Microwave loss per effective modulation length of the membrane MQW modulator
and the n-i-p-n modulator.

Finite element method (FEM) is employed to evaluate the distribution of optical and microwave
fields in the devices. Triangular mesh is used in our simulation. The minimum unit is 1 nm, and
the maximum unit is 2 µm. The resolution of the narrow region is set to 10 to ensure simulation
accuracy. In our simulation, the device is surrounded by a 500 µm × 2000 µm air box with
scattering boundary condition. Thanks to the high microwave/optical refractive index contrast
between the BTO claddings and the MQW core, both the microwave and optical fields are well
confined, as illustrated by Figs. 2(e) and 2(f). The electric field loading efficiency and the optical
confinement factor of the membrane modulator are estimated to be 90.2% and 91.6%, respectively.
In comparison, the n-i-p-n modulator exhibits an electric field loading efficiency of 84.3%, but a
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much lower optical confinement factor of only 67.3%. The free carrier absorption loss due to the
evanescent optical field in the doped InP claddings is simulated to be 1.3 dB/cm. In contrast, free
carrier absorption induced optical loss is expected to be negligible in the proposed membrane
MQW modulator. As a result of the tight optical confinement in the MQW core and relatively
low absorption loss of BTO at near infrared [30], the optical absorption loss caused by the BTO
claddings is estimated to be only 0.5 dB/cm.

4.2. Modulation efficiency

As shown in Fig. 1(a), the proposed modulator is designed with a feeder section, and the microwave
modulation signal can be fed to the modulator through a ground-signal (GS) microwave probe.
The bottom electrode is connected to the DC bias via a DC probe. Thus, a DC bias voltage
can be applied to both arms of the modulator. Figure 5(a) shows the circuit schematic of the
modulator, and the electric field loading is the same as in Ref. [31]. The modulation efficiency is
characterized by the half-wave voltage-length product VπL, which is given by [31]:

VπL =
λ

ηn3
eff

1
[r41ΓL/hMQW + 2RΓQVB/h2

MQW ]
, (1)

where λ = 1550 nm is the operating wavelength, η is the duty cycle of the T-rails, r41 = 1.0 pm/V
and R = 1.4×10−19 m2/V2 are the linear and quadratic EO coefficients of the MQW core [1], neff
is the effective refractive index of the optical mode and VB is the bias voltage. GL and GQ are the
linear and quadratic EO overlap factors, given as follows [32]:

ΓL =

∫∫
Ez

V/hMQW
|γ |2dS, (2)

ΓQ =

∫∫ E2
z

(V/hMQW )2
|γ |2dS, (3)

γ is the optical confinement factor, and V is the modulation voltage. EO interaction in the
membrane MQW modulator is significantly enhanced by the strong optical confinement, and
GL and GQ are calculated to be 80.7% and 72.0%, respectively. The variation of VπL with the
applied bias voltage VB calculated with Eq. (1) is plotted in Fig. 5. The half-wave voltage-length
product VπL of the membrane MQW modulator is 0.45 V·cm under a bias voltage of 10 V. For
the n-i-p-n modulator reported in Ref. [23], VπL is 0.6 V·cm under the same bias voltage. VπL
can be effectively reduced by further increasing the bias voltage. However, an excessively high
bias voltage may lead to breakdown of the n-i-p-n modulator, which relies on the reversely biased
p-n junction to block leakage current. In contrast, the breakdown voltage of the BTO claddings
in the membrane modulator is as high as 1.2×106 V/cm [29], thus allowing a higher bias voltage.
A VπL of only 0.24 V·cm is estimated for the membrane MQW modulator at a bias voltage of 20
V. For the device with a modulation length of 2 mm, the half-wave voltage Vπ is as low as 1.2 V.

4.3. Modulation bandwidth

The microwave S-parameters of the membrane MQW modulator with a 2 mm modulation length
obtained by FEM with lumped port excitation and radiation boundary are plotted Fig. 6(a). The
microwave reflection S11 remains below −15 dB up to 300 GHz, implying satisfactory impedance
matching. The 6.34-dB bandwidth of the microwave transmission S21 is over 240 GHz, indicating
a greatly reduced microwave propagation loss. The extracted microwave refractive index in
Fig. 6(b) shows excellent match with the optical group index (∼3.5). Meanwhile, the characteristic
impedance given in Fig. 6(c) is close to 50 Ω.

For an MZM with perfect impedance and velocity matching, the 3-dB EO modulation
bandwidth depends on the microwave loss, and corresponds to the 6.34-dB bandwidth of the
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Fig. 5. (a) Circuit schematic and (b) half-wave voltage-length product of the membrane
MQW modulator under different bias voltages.
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Fig. 6. (a) Simulated S-parameters, (b) extracted microwave refractive index, (c) character-
istic impedance and (d) EO response of the membrane MQW modulator.
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microwave transmission S21 [31]. In order to accurately estimate the EO frequency response
of the membrane modulator, the impedance and velocity mismatch as well as the microwave
transmission loss are taken into account via a full-wave simulation [33]. As the length of the
T-rails is much smaller than the microwave wavelength, the CL-TWEs can be modelled as lumped
elements connected by 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 [33]:

Vavg(ω) =
1
L

N∑︂
i=1

Vg

2
(1 + ρ1)eiβoL ei(βe−βo)(i− 1

2 )Lp + ρ2e−i(βe+βo)(i− 1
2 )Lp

eiβeL + ρ1ρ2e−iβeL Lact, (4)

where N is the total number of T-rails, Vg is the amplitude of driving voltage, L is the length of
the modulation region, Lp is the period of the CL-TWE, Lact is the effective modulation length
of one cycle, 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 EO responses of the proposed
membrane MQW EO modulator is shown in Fig. 6(d). The 3-dB EO bandwidth of the modulator
is similar to the 6.34-dB bandwidth of the S21 curve shown in Fig. 6(a), confirming nearly perfect
impedance and velocity matching. A modulation bandwidth as high as 240 GHz is predicted for
the proposed membrane MQW modulator with a 2 mm modulation length.

5. Conclusion

In conclusion, a membrane MQW EO modulator based on high-k material is proposed. By
employing BTO in place of doped InP claddings, the microwave propagation loss and optical
absorption loss can be significantly reduced. The membrane MQW modulator exhibits a high
modulation efficiency, and a half-wave voltage length product VπL of only 0.24 V·cm is expected.
A 2-mm-long membrane modulator is estimated to exhibit a half-wave voltage of 1.2 V and a
large theoretical modulation bandwidth over 240 GHz. The performances of different modulators
based on TFLN and InP are summarized in Table 2.

Table 2. Performance comparison of different modulators.

Material Ref. Vπ ·L E-O bandwidth Vπ

TFLN

[2] 1.7 V·cm >67 GHz @ 5 mm 3.4 V

[13]
2.8 V·cm 45 GHz @ 20 mm 1.4 V

2.3 V·cm 80 GHz @ 10 mm 2.3 V

2.2 V·cm 100 GHz @ 5 mm 4.4 V

[14]
2.2 V·cm >70 GHz @ 3 mm 7.4 V

2.5 V·cm 70 GHz @ 5 mm 5.1 V

[15] 1.75 V·cm >40 GHz @ 5 mm 3.5 V

InP

[18] 0.38 V·cm 31 GHz @ 1.25 mm 3 V

[19] 0.66 V·cm 40 GHz @ 3 mm 2.2 V

[22] 0.6 V·cm 67 GHz @ 4 mm 1.5 V

[23] 0.6 V·cm 80 GHz @ 4 mm 1.5 V

MQW with high-k material This work 0.24 V·cm 240GHz @ 2 mm 1.2 V

The bandwidth-voltage limitations of InP-based and TFLN modulators are about 50 GHz/V and
140 GHz/V, respectively. In contrast, the proposed membrane MQW EO modulator is predicted
to extend the limitation to 200 GHz/V with just 2-mm-long modulation region, demonstrating
the capacity for sub-terahertz operation with a low half-wave voltage.
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Compared with traditional InP-based EO modulators, the main challenges faced by the
proposed membrane modulator lie in the preparation of high quality BTO claddings and the
transfer-print of the MQW core. So far BTO film with fairly good quality has been prepared by
RF magnetron sputtering [30]. Currently, wafer scale transfer-print remains a challenge and the
quality of bonding between BTO and III-V materials is sensitive to lattice mismatch and surface
charges of the strong ferroelectric. Nevertheless, with the progress in transfer-print techniques
for heterogeneous integration of photonic components [25], it is believed the challenges faced
by the proposed structure can be solved eventually, allowing substantial improvement in device
performances.
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