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1.   Introduction

The rapid growth of data traffic, caused mainly by
increased use of the Internet, has stimulated the
demand for high-capacity photonic network systems.
High-capacity optical information networks are
based on a combination of wavelength division mul-
tiplexing (WDM) and high-speed time division mul-
tiplexing (TDM) for purposes ranging from long-
reach transmission between nodes to short-reach
optical links such as metro/access links and intra-
office applications. The need for high-speed TDM
systems is driving the development of 40-Gbit/s light
sources. Semiconductor optical modulators are
promising transmitter devices because of their com-
pactness and their ease of monolithic/hybrid integra-
tion with laser diodes. In this paper, we focus on two
types of semiconductor modulators, namely Mach-
Zehnder modulators (MZMs) and electroabsorption
modulators (EAMs), which were designed and fabri-
cated using InP-based compound semiconductor
technology. The interferometric MZM offers flexibil-

ity in increasing the transmission distance through
precise chirp control [1] and can generate various
modulation formats, including carrier-suppressed
return-to-zero (CS-RZ) [2] and return-to-zero differ-
ential phase-shift keying (RZ-DPSK) [3]. In addition,
unlike a LiNbO3 modulator, a semiconductor-based
MZM is free from DC drift. On the other hand, the
EAM, which can be monolithically integrated with a
distributed feedback (DFB) laser, is expected to be
deployed in very-short-reach links because of its ease
of operation, administration, and maintenance and its
cost-efficiency.

The common issue with these modulators is how to
reduce the driving voltage while keeping the band-
width over 40 GHz. Reducing the driving voltage is a
very effective way to reduce the power consumption.
Recent progress in Si-Ge technology has made 40-
Gbit/s logic ICs possible [4]. A low driving voltage of
less than 1 V would enable the integration of logic
ICs and driving circuits on one chip using Si-Ge tech-
nologies, which would greatly reduce the power con-
sumption, cost, and size of the transmitter module.

This paper describes our recent progress with
MZMs and EAMs operating at 40 Gbit/s. For MZMs,
we have achieved error-free operation of a push-pull
driven module with a reduced driving voltage of 1.3
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V. For EAMs, we have attained error-free operation
of a modulator chip with a driving voltage as low as
0.79 V. 

2.   Push-pull drive MZM module

There are basically two types of conventional semi-
conductor-based MZM. One is the Schottky electrode
modulator [5]. Although a traveling-wave electrode
modulator using this structure has been reported to
have a bandwidth of over 40 GHz, the relatively wide
electrode gap of around 10 µm between the signal
and ground electrodes does not provide a strong elec-
tric field. So the electrode has to be as long as 10 mm
to lower the driving voltage. Moreover, the slow-
wave electrode necessary for velocity matching
requires very precise control during the modulator
fabrication process. The other type of semiconductor-
based modulator has a p-i-n structure [6]. This type
produces a strong electric field due to an undoped
layer with a submicrometer thickness, so the device
can be compact. However, the p-type cladding layer
induces large electrical and optical signal losses, and
the thin undoped layer produces a large capacitance.
This makes it difficult to achieve both impedance and
velocity matching. Operation at 40 Gbit/s has been
reported for p-i-n-type MZMs using capacitively
loaded traveling-wave electrodes [1], [7].

We have devised a novel waveguide structure as an
alternative way of fabricating a compact MZM with a
low driving voltage. The cross section of the wave-
guide of our novel InP-based traveling-wave elec-
trode MZM is shown in Fig. 1 [8]. The waveguide is
an n-i-n isotype heterostructure grown on a semi-
insulating InP substrate. In other words, n-type InP
cladding layers are formed on both the signal and
ground electrode sides. The low contact resistance

and high mobility of these layers contribute to great-
ly reduce electrical signal loss. In addition, the n-type
cladding layers are also beneficial in terms of optical
loss. The optical absorption coefficient of n-type InP
is more than 20 times smaller than that of p-type InP.
The low electrical and optical losses not only enable
device operation at a high bit rate but also make it
possible to lengthen the phase-shifting region, which
leads to a low driving voltage. The 0.2-µm-thick core
layer is composed of undoped InGaAlAs/InAlAs
multiple quantum well (MQW) layers whose photo-
luminescence peak wavelength was set to 1.37 µm. 

The waveguide also has a semi-insulating InP layer,
which performs an electron current blocking role
associated with the potential barrier produced by Fe
deep levels [9]. An electric field is applied to the
waveguide’s vertically restricted layers. Therefore,
we can obtain an efficient index change induced by
the electro-optic effect. The breakdown voltage (i.e.,
the voltage that induces a catastrophic change in the
I-V characteristics) was 15 V, indicating that the cur-
rent blocking capability of our device is sufficiently
high. The deep-etched high mesa buried with benzo-
cyclobutene (BCB) on both sides produces a vertical-
ly confined electric field that induces an efficient
index change. All waveguide parameters, such as the
width of the waveguide and the thickness of the
undoped layers and semi-insulating InP layer, are
optimized to satisfy the impedance matching and
velocity matching requirements.

To reduce the driving voltage and generate zero-
chirp optical signals that can accommodate the CS-
RZ and RZ-DPSK formats, we devised input and out-
put electrodes for a push-pull driven MZM [10]. The
top view of the phase-matched n-i-n MZM is
schematically shown in Fig. 2. We installed 50-Ω
impedance-matched microstrip lines in the input and
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Fig. 1.   Schematic cross section of the n-i-n waveguide.
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Fig. 2.   Schematic top view of the n-i-n MZM with phase-
matched dual electrical lines.
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output electrodes. The microstrip transmission lines
can suppress the electrical loss in spite of the struc-
ture’s small bending radius. This makes it possible to
adjust the length of the dual transmission lines. Con-
sequently, no phase adjustment is required between
differential electrical signals. The phase-shifting
region is 3 mm long. The device chip size is 4.5 mm
× 0.8 mm. The 6-dB bandwidth of electrical S21 is
over 40 GHz and S11 stays below –15 dB.

The fabricated modulator was installed in a com-
pact package, as shown in Fig. 3. Two RF-input V-
connectors for dual driving were placed on one side
for ease of connection with the differential output
modulator driver. The phase modulation lengths of
the dual electrical ports were adjusted to the same
value. The package contains 50-Ω terminations and a
bias-tee. Its size is 21 mm × 17 mm and it is a con-
ventional butterfly-type with a V-connector mount.

We measured the characteristics of the fabricated
module for the entire C-band wavelength range (1.53
µm–1.565 µm). The module had almost the same
characteristics as the chip itself, i.e., a DC extinction
ratio of more than 20 dB. The πphase voltage was 2.1
V. As shown in Fig. 4, the small-signal electro-opti-
cal (E/O) 3-dB-down bandwidth was 28 GHz, which
is almost the same value as that of the dual ports.
Error-free operation was confirmed for a back-to-
back configuration with a 40-Gbit/s non-return-to-
zero (NRZ) pseudo random bit sequence (PRBS)
pulse pattern of a 231–1 signal, as shown in Fig. 5. A
driving voltage of 1.3 Vpp was supplied to the dual
ports of the modulator. No electrical phase adjust-
ment was used for this measurement. The driver out-
puts were connected directly to the modulator RF
ports. The eye diagram obtained for the NRZ 231–1
PRBS at 40 Gbit/s is shown in the inset of Fig. 5.
Clear eye opening was obtained without phase adjust-
ment and the dynamic extinction ratio was 10 dB. 

3.   EAM integrated with coplanar waveguides

We designed an EAM having an electrode on the
modulator’s active part as a microwave-transmission
line with both input and output coplanar-waveguide
ports on an InP substrate, as shown in Fig. 6 [11],
[12]. The electrode structure of the coplanar wave-
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Fig. 5.   Measured bit error rate versus averaged optical
power for the module in the back-to-back
configuration. The inset shows a 40-Gbit/s eye
diagram in the push-pull drive configuration with
a driving voltage of 1.3 V. 

0 10 20 30 40 50

Left port
Right port

Frequency (GHz)

R
el

at
iv

e 
re

sp
on

se
 (

3 
dB

/d
iv

.)

Fig. 4.   Small-signal E/O response of the push-pull MZM
module.

Fig. 3.   Photograph of the push-pull drive MZM package.
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guides (CPWs) provides a feed line with a very low
microwave-propagation loss. This configuration is
superior to the lumped element one in that it mini-
mizes the microwave return loss because there is no
significant microwave reflection point. The EAM
waveguide has a modulator part incorporating an
MQW stack in the p-i-n optical core and passive
waveguide parts at both ends. 

Our approach to reducing the driving voltage has
two aspects. One is the material used for the EAM
core and the other is the EAM’s structural design.
Since InGaAsP MQWs have a small conduction
band-gap offset (∆Ec), the electron state is extended
when the applied voltage is high. This results in a
weak quantum confined Stark effect (QCSE). How-
ever, since InGaAlAs MQWs have a larger ∆Ec, the
wells provide stronger carrier confinement. This pro-
duces a confined electron state even under a high
voltage, resulting in a strong QCSE over a wide range
of biases. We used tensile-strained InGaAlAs/InAlAs
MQW layers, which show excellent extinction char-
acteristics.

An appropriate structural design provides a larger
bandwidth while lowering the microwave loss at the
same time. To reduce the driving voltage, we need to
increase the extinction ratio and make the slope steep
while maintaining the E/O bandwidth required for
40-Gbit/s operation. One simple way to do this is to
increase the length of the electroabsorption region.
However, when designing the modulator’s length,
there is a trade-off between the extinction ratio and
E/O bandwidth. The best way to relax this trade-off is
to make the core narrower in order to enlarge the E/O
bandwidth while maintaining strong optical confine-
ment. To obtain strong optical confinement, the mesa

must be buried in a low-refractive-index material. For
this purpose, we chose to use polyimide. We adjusted
the trade-off by optimizing the modulator’s stripe
width and length. Based on a numerical simulation
[13], we confirmed that, even with a 200-µm-long
EAM, the combination of an MQW with a large well
number of 12 and the narrow core width could pro-
vide an E/O bandwidth of more than 40 GHz.

Figure 7 shows the measured relative fiber-to-fiber
extinction ratio characteristics for various MQW core
widths in a 200-µm-long EAM in the case of 1.55-
µm-wavelength TE-polarized light. An extinction
ratio of more than 18 dB was obtained even for a volt-
age swing of only 1 V from –1.5 to –2.5 V. There was
almost no degradation in the extinction ratio charac-
teristics even with a core as narrow as 1.1 µm. This is
due to the well-designed InGaAlAs/InAlAs MQW
core and the strong optical confinement in the core
achieved by burying the waveguide with low-refrac-
tive-index polyimide. Reducing the width of the
EAM waveguide leads to a wider bandwidth because
it reduces the p-i-n junction capacitance as well as
microwave transmission loss at the p-cladding layer. 

The measured E/O responses of 200-µm EAMs for
various MQW active core widths are shown in Fig. 8.
For a 2.1-µm-wide core, the E/O 3-dB-down band-
width was as small as about 25 GHz. However, as
expected, the E/O 3-dB-down bandwidth increased
as the core width became narrower and was as large
as 46 GHz for a core width of 1.1 µm. This indicates
that reducing the core width is a very effective means
of increasing the E/O 3-dB-down bandwidth. 

Measured 40-Gbit/s driver and optical eye dia-
grams are shown in Fig. 9. Eye opening with a
dynamic extinction ratio of 10.5 dB was successfully

Fig. 6.   Schematic view of the EAM integrated with
CPWs on SI-InP substrate.
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observed even with a peak-to-peak voltage as low as
0.79 V for the device with –2.2-V bias and 50-Ω ter-
mination (Fig. 9(b)). Since the on-state side had not
sufficiently reached the saturation region of the
extinction characteristics for the 0.79-V-swing ampli-
tude of driver voltage, the upper band of the eye pat-
tern signal is large. Somewhat enlarging the swing
amplitude or moving the bias point to a low voltage
made the swing start from the saturation region and
thereby improved the eye pattern. Figure 9(c) shows

the optical eye diagram of the device for a bias of
–2.05 V as an example. Although the upper band is
reduced, the extinction ratio is 8.3 dB. We think the
main reason for the remaining excess jitter compared
with that of the driver signal is the optical axis fluc-
tuation arising from the on-chip measurement using
lensed-fiber coupling for both input and output
facets. The measured bit error rate for a 40-Gbit/s
NRZ PRBS pattern of a 27–1 signal with a driving
voltage of 0.79 V under –2.2-V bias is shown in Fig.
10. Error-free operation was confirmed. 

4.   Conclusion

We have designed and fabricated high-speed
InGaAlAs/InAlAs MZMs and EAMs on semi-insu-
lating InP substrates. A compact packaged MZM
with phase-matched dual electrical lines for long-
reach transmission systems was developed, and 40-
Gbit/s error-free operation at a driving voltage of 1.3
V with a push-pull drive configuration was con-
firmed. An EAM integrated with coplanar wave-
guides for very-short-reach links was driven by a
voltage as low as 0.79 V. It exhibited an E/O band-
width of 46 GHz and a dynamic extinction ratio of
10.5 dB. 
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Fig. 8.   Small-signal E/O responses of 200-µm EAMs for
various core widths.

–25 –20 –15 –10
10–12

10–11

10–10

10–9

10–8

10–7

10–6

10–5

10–4

B
it 

er
ro

r 
ra

te

40-Gbit/s
Back-to-back
Vpp = 0.79 V

Averaged optical power (dBm)

Fig. 10.   Measured bit error rate for 40-Gbit/s NRZ signal
with 0.79-V driving voltage.

10 ps/div

0.79 Vpp
(a)

(b)

(c)
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diagrams. (a) Driver eye diagram. (b) Optical eye
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