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In this Letter, we reported the preliminary results of an integrating periodically capacitive-loaded traveling wave
electrode (CL-TWE) Mach–Zehnder modulator (MZM) based on InP-based multiple quantum well (MQW)
optical waveguides. The device configuration mainly includes an optical Mach–Zehnder interferometer, a direct
current electrode, two phase electrodes, and a CL-TWE consisting of a U electrode and an I electrode. The
modulator was fabricated on a 3 in. InP epitaxial wafer by standard photolithography, inductively coupled
plasma dry etching, wet etching, electroplating, etc. Measurement results show that the MZM exhibits a
3 dB electro-optic bandwidth of about 31 GHz, a V π of 3 V, and an extinction ratio of about 20 dB.

OCIS codes: 130.3120, 250.4110, 230.4205.
doi: 10.3788/COL201917.061301.

A large-bandwidth and low half-wavelength-voltage (V π)
Mach–Zehnder electro-optic (EO) modulator is an urgent
need for the fields of high-speed optical communication
and microwave photonics[1–4]. At present, the main
materials for an EO modulator include LiNbO3

[5], III–V
semiconductor materials[6,7], silicon[8,9], and polymer[10].
Especially, the EO modulator made of InP-based multiple
quantum well (MQW) optical waveguides with capacitive-
loaded (CL) traveling wave electrodes (TWEs) has
attracted much more attention because of its remarkable
advantages. Firstly, the strong index changes induced by
the quantum confined Stark effect (QCSE) in the
InP-MQW optical waveguides can achieve high EO modu-
lation efficiency and low driving voltage[11]. This is very
important for practical application, because the lower
the driving voltage is, the lower the consumption, cost,
and size of the modulator become. The length of this type
of modulator is only several millimeters. More importantly,
this type of EO modulator can be potentially integrated
with a wide range of InP-based components such as
lasers, semiconductor optical amplifiers (SOAs), photode-
tectors (PDs), passive optical circuits, and even electronic
drivers[2,12,13]. This is very attractive for achievement
of the complex and multifunctional optoelectronic inte-
grated chips.
In this Letter, we present the performance results of a

CL-TWE Mach–Zehnder modulator (MZM) based on
InP-MQW optical waveguides. The device has a 3 dB
EO bandwidth of about 31 GHz, a V π of 3 V, and an
extinction ratio (ER) of about 20 dB. It has promising
applications in optical communication and microwave
photonics.

Figure 1(a) shows structure schematic of the EO modu-
lator based on InP-MQW optical waveguides. The device
is composed of a Mach–Zehnder interferometer (MZI)
based on InP-MQW optical waveguides, a direct current
(DC) bias pad, two phase electrodes, a 50 Ω thin-film
resistor, and a CL-TWE consisting of a U electrode and
an I electrode. The U electrode and I electrode are, respec-
tively, used as the signal electrode (S) and the ground
electrode (G). The RF signal was applied to the device
from the same side of the two electrodes. On the other side,

Fig. 1. Schematic diagram of the CL-TWE MZM based on InP-
MQW optical waveguides.
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a 50 Ω thin-film resistor was fabricated to connect the U
electrode and I electrode. The light is input into the optical
MZI from one port of the device and modulated by the RF
signal in the active region through the CL-TWE. The
modulated light is output from the other port of the
MZI. The DC pad is used to provide bias voltage for
the modulator. Phase shifts in the two arms can be real-
ized by the corresponding phase electrodes. In this device,
the MZI is working at the push–pull configuration, as
shown in Fig. 1(b). The RF signal loaded on the U and
I electrodes floats through the negative (n) InP between
the two MQW capacitors. The DC bias voltage is applied
via the DC pad, which is several hundreds of micrometers
away from the RF relevant capacitors. The U and I
electrodes connect with the corresponding MQW layers
through the positive (p) InP layer. The output intensity
transfer function of the MZI can be written in the form of
TMZI ¼ cos2ðΔφ∕2Þ, where Δφ is the phase difference be-
tween the two arms of the MZI[14]. Therefore, the phase
difference between the two arms directly determines the
output optical intensity of the MZI. The phase of light
in the arm can be changed by the applied voltage on
the corresponding electrode based on the EO property
of the InP-MQW layer.
Figure 1(b) shows the cross sectional sketch of the MZM

based on InP-MQWoptical waveguides. The waveguide in
the modulator contains an InGaAs ohmic contact layer,
p-InP upper cladding layer, InGaAsP MQW core layer,
n-InP lower cladding layer, and semi-insulating InP
substrate. The DC bias pad contacts with the n-InP layer
and is positioned outside of the interferometer on the MZI
mesa. The phase electrodes and the inner segmented elec-
trodes of the U and I electrodes contact with the surface
InGaAs layer. The deep InP-MQW optical waveguides are
passivated by the Si3N4 layer and embedded in benzocy-
clobutene (BCB) polymer. The Si3N4 layer in the device
mainly plays a role of etching stop layer for the BCB dry
etching process. The thickness of the Si3N4 layer is much
smaller than that of the InP-MQW optical waveguide. In
addition, the large refractive index difference between the
Si3N4 and the InP-MQW waveguide ensures that the op-
tical field is mainly confined in the InP-MQW waveguide
layer. Therefore, the effect of the thin Si3N4 layer on the
processing of the optical signal is very small and can be
neglected. The coated BCB was used for InP-MQWwave-
guide over-cladding and planarization. The TWE can be
fabricated on the surface of the BCB layer with equal
height to avoid climbing. Importantly, the insert low-εr
BCB layer between the n-InP layer and the TWE can
induce the performance improvements. First, the micro-
wave effective refractive index of the TWE can be reduced
by the low-εr BCB to achieve a better match with the
optical index. Consequently, the bandwidth of the modu-
lator can be further improved compared to the modulator
without the BCB layer. Secondly, the position of the elec-
tric field between the two electrodes after using BCB is
higher. The field that is buried in the substrate is corre-
spondingly smaller, so the dielectric loss of the TWE is less

than in the case without the BCB layer. In addition, the
loading capacitance generally can be calculated by
CL ¼ ðn2

opt − n2
μÞ∕ðc·Zm·noptÞ, where, nopt, nμ, Zm,

and c, respectively, are the optical grope index, microwave
effective refractive index, characteristic impedance, and
light speed in free space[14]. Therefore, the capacitive load
will be changed after using the BCB layer.

To ensure the single-mode propagation of light in the
InP-MQW optical waveguide, the single-mode condition
was calculated by using the effective refractive index
method. Figure 2 shows the calculated effective refractive
indices of InP-MQW optical waveguides for TE00 mode
and TE01 mode with different waveguide widths. It indi-
cates that the InP-MQW optical waveguide supports the
single mode in the case of the waveguide width being less
than 2.5 μm. Taking into consideration the fabrication
difficulty, the 2-μm-wide waveguide was used. The
corresponding calculated effective refractive index is
about 3.261.

In the CL-TWE MZM, the inner segmented electrodes
of the U and I electrodes used to modulate the optical
wave are equally divided into many small sections. Each
of the sections is connected to the outer electrodes periodi-
cally, as shown in Fig. 1(a). In this device, the modulation
sections are arranged periodically with the period length of
250 μm along the two arms of the MZI and are connected
with the outer electrodes via the surface of the BCB layer.
The length of the effective modulation electrodes posi-
tioned on the MQW waveguide to provide the EO inter-
action is 100 μm. Therefore, the fill factor is 0.4, which is
an important parameter for tuning the capacitive load.

Figure 3 shows the fabrication processes of the EO
modulator based on InP-MQW optical waveguides. The
fabrication starts with deposition of a 500-nm-thick
SiO2 layer by plasma-enhanced chemical vapor deposition
(PECVD). Then, a hard SiO2 mask for the dry etching of
the MZI optical waveguides with a width of 2 μm was
made by using lithography with 0.5 μm precision and
dry etching in CHF3 gas. Under the protection of a

Fig. 2. Calculated effective refractive index of the InP-MQW
optical waveguide for TE00 mode and TE01 mode with different
waveguide widths.
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SiO2 mask, the InP-MQW waveguide was fabricated by
dry etching in a mixed gas of Cl2 and N2. The waveguides
were etched to the n-InP layer, as shown in Fig. 3(a).
Then, the n-InP mesa was wet etched in H3PO4:HCl
(4∶1), as shown in Fig. 3(b). Following this, the
N-contacted DC electrode consisting of Ti/Pt/Au was
made by using thermal evaporation and lift-off techniques.
To ensure the isolation, the Si3N4 passivation with a thick-
ness of about 200 nm was performed on the InP-MQW
optical waveguides. After this, the planarization process
was performed by using BCB polymer. The BCB and
Si3N4 layers were dry etched to expose the InGaAs layer.
Following, a SiO2 mask was then patterned to open up
windows for the N-contacted DC. The BCB polymer layer
and the Si3N4 layer were successively etched to expose the
N-contacted DC electrode. Then, the 50 Ω resistor was
formed by magnetron sputtering and lift-off techniques.
Finally, the phase electrodes and the CL-TWE consisting
of U and I electrodes were fabricated by Au electroplating.
Figure 4(a) shows a photograph of a fabricated 3 in. CL-

TWE MZM chip based on InP-MQW optical waveguides.
Figure 4(b) shows a single MZM chip with five modulation
sections. The total length of the single MZM chip is only
about 2 mm. Figure 5 gives the 45° scanning electron
microscope (SEM) view of an InP-MQW optical wave-
guide etched to the n-InP layer without the following proc-
esses. The waveguide exhibits a smooth side wall.
In order to show the performance of the fabricatedMZM,

we firstly measured the optical characteristics of the InP-
MQW optical waveguides in the EO modulator. By using
the Fabry–Perot cavity interference fringe contrast ration
method, we obtained that the optical waveguide has a
propagation loss of about 0.94 dB/mm. For the 2-mm-long

InP-MQW optical waveguide, it has an entire insertion loss
of about 20 dB, including the propagation loss and the cou-
pling loss between coupling fiber and InP waveguide at the
input and output ports. According to the propagation loss
of the waveguide, the on-chip loss is only about 2 dB.
Therefore, the coupling loss is about 9 dB per facet and
is the main contributor of insertion loss. This is mainly
because of the optical mode mismatch between the fiber
and the InP-MQW optical waveguide. In order to reduce
the coupling loss to satisfy the low-loss requirement of
the optical system, both the optical lens and the spot size
converter (SSC) are effective methods to be used.

In addition, the EO characterizations of the MZM were
also measured. In the measurement, a wavelength tunable
laser, polarization controller, erbium-doped fiber amplifier
(EDFA), PD, vector network analyzer, and DC voltage

Fig. 3. Schematic process flow of the fabrication of CL-TWE EO
MZM based on InP-MQW optical waveguides.

Fig. 4. Photographs of the fabricated 3 in. CL-TWE MZM chip
and a single MZM chip based on InP-MQW optical waveguides.

Fig. 5. 45° SEM view of an InP-MQW optical waveguide etched
to the n-InP layer without the following processes. Inset: the
measured light spot of the InP-MQW optical waveguide.
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source were utilized. The wavelength tunable laser was
used as laser source. The polarization controller was used
to control the polarization state of the input light into the
MZM. The PD and the vector network analyzer were used
to monitor the output power and to measure the S param-
eters, respectively. The DC source was used to provide
bias voltage for the device. In order to ensure the measure-
ment accuracy, short-open-load-through (SOLT) calibra-
tion was firstly performed before the response test.
First, we measured the DC characteristic at an operat-

ing wavelength of 1557 nm. The output optical power
from the MZM with differential bias voltage applied on
a single arm was monitored by an optical power meter,
as shown in Fig. 6. It indicates that the ER of the
MZM reaches up to about 20 dB. The device exhibits a
V π of about 3 V that is lower than that of the traditional
LiNbO3 MZM. In this device, the photoluminescence peak
wavelength of the MQW layer is designed at about
1430 nm. This is far away from the operation wavelength
of 1557 nm and leads to low optical absorption. Therefore,
the electric-field-induced index change is sufficiently large
for efficient phase modulation and is the main reason
contributing to the extinction in Fig. 6. We also measured
the EO response of the modulator based on InP-MQW
optical waveguides at 1557 nm. The measurement of
EO response was performed using an RF power of about
0 dBm and a DC bias of about −4.3 V at the operation
point. The device shows a 3 dB EO bandwidth of larger
than about 30 GHz, as shown in Fig. 7.
The performance of this device is wavelength dependent

of the input optical signal. First, the bandwidth of the
modulator is mainly determined by the velocity mismatch
factor βμopt ¼ ωmðnμ − noptÞ∕c, where ωm, nμ, nopt, and c,
respectively, are the modulation frequency, optical grope
index, microwave effective refractive index, and light
speed in free space[15], in which nopt is wavelength
dependent. Secondly, the phase and absorption in the
MQW optical waveguide are also wavelength dependent.

Therefore, both the RF small signal characteristics and
DC characteristics are all wavelength dependent.

In summary, we reported our work on CL-TWE EO
MZM based on InP-MQW optical waveguides. The
single-mode condition of the InP-MQW optical waveguide
was calculated by using the effective refractive index
method. By using standard techniques of photolithogra-
phy, dry etching, wet etching, magnetron sputtering, lift
off, and electroplating, the MZM chip was fabricated on a
3 in. InP epitaxial wafer. To characterize the performance
of the EO modulator, the optical propagation loss, light
spot, DC ER characteristic, and EO response were mea-
sured, respectively. The fabricated device with five modu-
lation periods has a length of about 2 mm. Experimental
results show that the InP-MQW optical waveguide has a
propagation loss of about 0.94 dB/mm. The modulator ex-
hibits a 3 dB EO bandwidth of about 31 GHz, a V π of
about 3 V, and an ER of about 20 dB. The CL-TWE
EO MZM has the remarkable advantage of small size
and huge potential for larger bandwidth and lower V π.
It will be widely used in high-speed optical communica-
tion, microwave photonics, etc.

†These authors contributed equally to this work.
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